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SYSTEM AND METHOD FOR DETERMINING THE OPTIMUM 
CONFIGURATION STRATEGY FOR SYSTEMS WITH MULTIPLE 

DECISION OPTIONS 



5 [0001] The present application claims priority to U.S. Provisional 

Application of Willems et ah, filed October 6, 2000, Serial No. 60/238,124, 
the entirety of which is hereby incorporated into the present application by 
reference as if set forth fully herein. 

1 0 Copyright Notice 

[0002] This patent document contains information subject to copyright 
protection. The copyright owner has no objection to the facsimile 
reproduction by anyone of the patent document or the patent, as it appears in 
the U.S. Patent and Trademark Office files or records, but otherwise reserves 
1 5 all copyright rights whatsoever. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

20 [0003] The present invention relates to systems and methods for 

determining the optimum configuration strategy for systems with multiple 
decision options at each stage of the system. More specifically, the present 
invention relates to systems and methods for determining the optimum 
configuration strategy for decision option chains. 

25 

2 . Description of Related Art 

[0004] Increasing competitive pressures are forcing companies to 
increase their rates of innovation. The increasing rate of innovation shortens 
each product's duration in the market, thereby compressing each product's life 
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cycle. Product categories, like networking equipment, which used to have a 
life span of two to four years are now obsolete after one to two years. 

[0005] Without proper management, increasing product turnover will 
increase design and manufacturing costs. More frequent product development 
5 cycles require additional product development resources. Shorter production 
runs inhibit a company's abiUty to achieve manufacturing cost reductions by 
exploiting the learning curve and scale economies. Unless companies can 
efficiently manage multiple generations of the product, there is a substantial 
risk that costs will spiral out of control. 
10 [0006] With the above in mind, attention has been given to the design 

S of a product's supply chain. Factors that affect the design of a supply chain are 

r t numerous. One factor is the quality of the supplier-manufacturer relationship. 

^ - Examples of this work include work on optimal sampling policies for 

incoming parts (Nurani et aL (1995)), illustrating the benefits of highly robust 
15 part designs (Clausing ( 1 993)), and calculating the cost of quality imphcations 
from poor quality vendors. Another stream of research has worked on 
^ ensuring that the supplier is capable of meeting the manufacturer's volume 

'^J requirements. This research, which falls broadly under the category of 

if:;-- 

suppher certification ( Grieco and Gozzo (1992) ), designs practices to ensure 
20 that the supplier is able to keep up as the manufacturer ramps up production. 

There are also relevant strategic issues including the proper organizational 

structure for complex supply chains (Laseter (1998)). 

[0007] At present, when a company selects a supply chain for a 

product that they manufacture or assemble, they typically focus on the 
25 product's unit manufacturing cost (UMC). UMC is defined as the per unit cost 

of a completed finished goods item. This is typically the sum of two sets of 

costs: direct costs and allocated overhead. As the name implies, direct costs 

are those costs that can be directly attributed to the production of the product. 

Examples include raw material, transportation, and processing costs. 
30 Overhead costs include those costs that are necessary to support the product 
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family but can not be attributed to specific units of production. Examples of 
engineering costs include quality auditing and process engineering costs. 
These two components of UMC are often treated independently. That is, 
engineering costs are based on volume projections for the product and then 
5 divided by the total number of units sold in order to yield a per unit cost. 

Direct costs are just the sirni of the direct costs added across the supply chain. 
As described herein, UMC will refer to just the direct portion of the product's 
cost. 

[0008] La practice, UMC is the dominant criterion in the design of a 

10 supply chain for several reasons. First, in most structured product 

development processes a product must achieve a gross margin target before it 
gains approval. Gross margin is calculated by dividing the difference between 
selling price and UMC by the selling price. Since the price is typically 
dictated by exogenous factors, the team must focus on UMC in order to meet 

15 the gross margin target. This gives UMC a disproportionate influence during 
the product development process. Second, it can be measured directly, 
without any ambiguity. This is in contrast to the calculation of costs like 
expected safety-stock cost which require an estimate of quantities like demand 
variability. Since, by construction, these estimates of variability are only 

20 estimates, the actual realization of the safety-stock cost will almost surely 

deviate from its expected value. Although materials managers understand this 
fact, it nonetheless greatly complicates their budgeting process if they choose 
to include safety-stock cost since it will make their budget numbers incorrect. 
UMC does not have this problem because it equals the sum of costs that are 

25 specified in contracts; its value will only change if a change in a contract is 
negotiated. Third, the buyers that negotiate the part purchases are not the 
same employees that deal with the consequences of the purchasing decisions. 
They do not see the effects of choosing a cheaper, less responsive, suppHer. 
Finally, few quantitative tools exist to assess the impact of UMC-based 

30 decisions on the rest of the supply chain. In the absence of a model that 
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directly proves that minimizing UMC is a bad decision rule, they will continue 
applying a rule that they know with certainty minimizes one cost: the cost-of- 
goods sold. 

[0009] A supply chain can be viewed as a network where the nodes (or 
5 stages) represent fimctionality that must be provided and the arcs capture 
precedence constraints among the functions. A function might be the 
procurement of a raw material, the manufacture of an assembly, or the 
shipment of a product to a distribution center, etc. For each of these functions, 
there are one or more options available to satisfy the function. As an example, 

10 two options might exist for the procurement of a resistor: a high cost local 
distributor and a lower cost multinational manufacturer. 

[0010] For most structured product development processes, there 
comes a time when the materials management organization (MMO) is called 
in to source the new product's supply chain. The supply chain's functions 

15 have abeady been determined at this point. The role of MMO is to identify 
the options that can satisfy each function and then to decide which options to 
select. A question MMO faces is whether to create a higher unit 
manufacturing cost, but more responsive, supply chain versus a lower 
manufacturing cost, less responsive supply chain. 

20 [0011] Since the supply chain has not yet been estabhshed, numerous 

costs are configuration-dependent. That is, the options selected will impact 
multiple supply chain design costs. The most obvious cost is the cost-of- 
goods sold ("COGS") where COGS is defined as the direct variable cost of the 
product multiplied by the number of units sold. Traditionally, sourcing 

25 decisions have minimized this cost by minimizing the UMC of the product. In 
most industrial contexts, minimizing UMC is equivalent to minimizing COGS 
because UMC can be broken into two components: material-related costs and 
engineering-related costs. If both types of costs are independent then COGS 
equals the direction portion of UMC times the ninnber of imits sold. 

30 However, there are also other costs that are determined by the configuration of 
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the supply chain. These costs include the cost of the inventory necessary to 
provide the desired level of service to the customer. 

[0012] On the multi-echelon inventory side, numerous papers address 
optimizing safety-stock placement across the supply chain. The papers that 
5 are the most relevant to our work are the papers by Ettl et al. (1 996) and 

Graves and Willems (1998). These papers, and many of their cited references, 
optimize safety-stock levels for an established supply chain. That is, these 
models consider supply chains that are already in existence. Because these 
supply chains are established, several of the relevant costs in the supply chain 

10 are already fixed. In particular, the expected pipeline stock cost and COGS 
are determined by the problem's inputs. Therefore, these costs are constants 
that do not enter into the analysis. 

[0013] Inderfurth (1993) does jointly consider the optimization of 
safety-stock costs and production times for a supply chain where the final 

15 production stage produces multiple end items. The optimization captures the 
impact that the finished goods' lead-times have on the overall safety-stock 
cost in the supply chain. However, the model only considers changing the 
configuration at one stage in the supply chain and only considers safety-stock 
costs. 

20 [0014] Assessing the time-to-market costs for new products has also 

been well studied. Quantitative models that evaluate the cost of development 
times are considered in Ulrich et al. (1993) and Cohen et al. (1996). Several 
empirical studies also quantify the benefits of a shorter time-to-market. 
Hendricks and Singhal (1997) have examined the impact of delayed product 

25 introductions on firms' stock price and Datar et al, (1997) have shown that 
faster product development correlates positively with increased market share 
in the computer component industry. 

[0015] In Graves and Willems (1998), a single-state dynamic program 
is formulated to minimize the safety-stock cost in an existing supply chain. 

30 Specifically, Graves and Willems (1998) provide an optimization algorithm 
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for determining where to place safety-stock in the supply chain, which is 
important since it dictates the major decoupling points in the supply chain. 

[0016] However, the work performed to date on the design of supply 
chains does not consider the supply chain system as a whole, and does not 
5 optimize over a multitude of factors that affect the overall design of the supply 
chain, where such factors include manufacturing cost, multi-echelon inventory 
costs, and time-to-market costs, 

[0017] Another decision problem that companies face is that the 
products that they deliver must continually be improved, from one product 

10 generation to the next. Thus, companies must decide which parts to design 
into their product, while keeping in mind development costs associated with 
redesigning the product, the part manufacturing costs and the level of 
functionality that the part must provide 

[0018] A product can be thought of as consisting of two sets of parts: 

15 custom parts and standard parts. M networking equipment, for example, 
custom parts include microprocessors and ASICs. These are the parts that 
dictate the performance level of the product and hence the product's relative 
attractiveness to consimiers. Standard parts include memory and system 
boards. These parts act to support the custom parts; they are necessary for the 

20 operation of the product, but they do not differentiate the product from the 
competition. Because custom parts dictate the product's performance, 
typically they will have to be revised each generation. However, there is no 
such requirement on standard parts. Standard parts only need to be revised 
when they conflict with custom parts or constrain the performance of the 

25 product or when they become too expensive. For example, 66 megahertz 

system boards become impractical to use when microprocessor speeds exceed 
333 megahertz since the board's slow speed acts to constrain the entire 
product's performance thereby negating the effect of the improved 
microprocessor. With regards to cost, many standard parts are commodities 

30 and as such can become prohibitively expensive to use as supply options 
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decrease over time; this explains the move from fotir-megabyte memory chips 
to sixteen-megabyte memory chips. 

[00191 Another fact that compHcates this problem is the fact that 
performance requirements for future periods are uncertain. For example, a 
5 computer manufacturer may know that the current product requires a 266 
megahertz processor but there may be significant uncertainty whether the 
requirement for the next period will exceed 333 megahertz. Li the unlikely 
event that the design team knows that the next generation processor will not 
exceed 333 megahertz, then the 66 megahertz system board will be their 

10 choice for the current generation. But if there is a high likelihood that the next 
generation's processor will exceed 333 megahertz, it may be cost-effective to 
switch to the 100 megahertz system board in the current generation, 

[0020] The exact part that will be chosen each period will depend on 
the cost of changing the part from one period to the next, the per generation 

1 5 part cost, and the level of uncertainty with regards to fixture performance 

requirements. The product development, equipment selection, and technology 
choice domains have all addressed aspects of this problem. 

[0021] Li the product development domain, Sanderson (1991) presents 
a stylized model that examines the cost implication of different ratios of 

20 standard to custom parts. The cost ftmction is composed of product 

development, fixed equipment and variable manufacturing costs. Both the 
development and manufacturing costs depend on the ratio of standard to 
custom parts. For a given ratio of standard to custom parts, the cost ftmction 
can be examined in order to identify ranges where adopting one set of parts 

25 versus another is beneficial. For a single product generation, Krishnan et al. 
(1998) determines the optimal set of common parts and the optimal number of 
products to offer that maximizes the product family's profitability. The 
attractiveness of a product offering, and hence its profitability, is dictated by 
the product's performance level. The authors show that the problem can be 

30 converted into a shortest path problem. Because Krishnan et al. (1998) is a 
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single generation problem, the requirements for the period are known with 
certainty and as such only appear in the demand function. 

[0022] In the equipment replacement problem, a decision has to be 
made to either replace a machine in the current period or to replace it in a 
5 future period. The classic work in this field is by Terborgh (1949). Relevant 
factors affecting this decision are the cost of operating the existing machine 
and the operating characteristics of machines that will become available in the 
future. For the deterministic version of the problem, extensive planning 
horizon results have been developed, leading to the creation of efficient 
10 forward dynamic programs; refer to Chand and Sethi (1982) for an example of 
this approach. 

[0023] The part selection problem differs in several ways from the 
equipment replacement problem. First, equipment replacement focuses on the 
role of depreciation and salvage costs for the existing piece of equipment, 

15 There is no real analog to these costs in the part selection problem. Second, 
the equipment replacement models assume that any piece of equipment is 
suitable to the task at hand, albeit with different operating costs. This may be 
a reasonable assumption for machinery but it is not a reasonable assumption 
for parts. That is, there comes a time when some parts are simply unable to 

20 satisfy a generation's performance requirement. Finally, equipment 

replacement models assume that the cost of different machines move in lock 
step. That is, a newer machine is cheaper to operate than an older machine. A 
corollary to this is that the newer machine will not become more expensive to 
operate than older machines when the newer machine is no longer the newest; 

25 the assumption here is that costs tend to move together. 

[0024] The technology choice literature is distinct from the equipment 
replacement literature in its focus on determining which technology to use 
given the characterization of demand and the fixed and variable costs 
associated with each technology. Li the equipment replacement problem, the 

30 objective is to minimize cost whereas in the technology choice literature the 



9 



objective is to maximize revenue. The two approaches are not equivalent 
because the technology literature allows the choice of technology to impact 
the firm's profitability. Examples of this work include Cohen and Halperin 
(1986) and Fine and Freund (1990). 
5 [0025] In Cohen and Halperin (1986), the authors develop a model that 

jointly optimizes production levels and the technology chosen each period. 
That is, different technologies will have different optimal production levels. 
The authors provide a condition that, if satisfied, proves that any fiiture 
technology adopted will have a lower per unit variable cost than the existing 

1 0 technology in place. 

[0026] Oftentimes, technology choice considers flexible 
manufacturing equipment that is capable of satisfying demand fi"om multiple 
end items. Fine and Freund (1990) consider a multiproduct firm that has a 
two-stage decision process. In the first stage, they must determine which 

15 technologies to adopt. They can choose flexible equipment, at a higher cost, 
that can produce any product or they can choose dedicated equipment that can 
only produce a certain product. In the second stage, the capacity purchased in 
the first period is used to satisfy demand. The authors solve this as a nonlinear 
stochastic program and prove properties of the optimal solution. 

20 [0027] Finally, the work of Rajagopalan et al. (1998) deserves special 

consideration due to its close relation to our work. The authors present a 
model that jointly optimizes technology choice, capacity, and replacement 
decisions. The sources of uncertainty in their model are the times between 
technology breakthroughs and the new technology that will emerge. This is 

25 modeled as a semi-markov process where the transition firom one technology 
to the next is dependent on the best technology currently available. 
Assumptions are that the set of possible technologies is known at the start of 
the planning horizon, that the technologies can be indexed from worst to best, 
and that the likelihood of moving firom one technology to each superior 

30 technology can be assigned a probability by the user. That is, at the start of 
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the horizon the user needs to specify the possible interrelationships between 
all technologies, 

[0028] Thus, the part selection problem can be viewed as a more 
constrained version of the technology choice problem. The added constraint is 
5 the per period performance requirement. An example where this type of 

constraint would be useful to the equipment replacement or technology choice 
literature is for a product like a photolithography machine. In the current 
generation, machines capable of ,25 micron widths are sufficient but in two 
periods they will need to be capable of , 1 8 micron widths. The question is: do 

1 0 you buy a .25 micron width machine now and install a . 1 8 micron width 

machine in two periods or do you install the . 1 8 micron now; it is assumed that 
the .18 machine is capable of producing .25 micron widths. If you install the 
. 1 8 micron machine now, your current period costs will increase but they may 
be offset by the scale economies achieved by the .18 machine. 

15 [0029] Also, the present disclosure incorporates by reference the 

following dissertation: Sean Willems, "Two papers in supply chain design: 
supply chain configuration and part selection in multigeneration products," 
Massachusetts Institute of Technology^ 1999. Also, Graves, S. C, and S. P. 
Willems, "Optimizing Strategic Safety-stock Placement in Supply Chains," 

20 Working Paper, 49 pages, January 1998, is incorporated into the present 
application by reference. 

SUMMARY OF THE INVENTION 

25 [0030] Therefore, the present invention provides an apparatus and 

method for optimizing total costs over the stages of a network of 
interconnected stages. The method of the present invention includes receiving 
at least one data set for each of a plurality of interconnected stages, each data 
set corresponding to an option at the corresponding stage, each data set 

30 including a first cost and a second cost. The method further includes 
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determining, based upon the at least one data set, an optimum series of options 
over a series of the stages by selecting a single option at each stage in the 
series of the stages that minimizes the sum of total costs over the series of the 
stages, wherein the total costs is a function of said at least one data set. 
5 [0031] The present invention also provides an apparatus and method 

for representing, via a user interface of a given computer, each stage of an 
interconnected system using a stage symbol. The stage symbols are 
interconnected with links to form a representation of the system, the links 
being displayed on a display device, wherein each stage symbol is connected 

10 to at least one other stage symbol by at least one link. Based upon information 
associated with a plurality of options at the stages, the present invention may 
include determining an optimum series of options over a series of the stages 
by selecting a single option at each stage in the series of stages that minimizes 
the sum of total costs over the series of stages, the total costs being a function 

15 of the information. 

[0032] The present invention further provides an apparatus and method 
for determining the optimal set of components to be used in a product over a 
series of periods. The method includes receiving information corresponding 
to each of a plurality of components used in a product, the information 

20 including first data and second data, wherein the first data is a quantifiable 

attribute of interest and the second data is an availability of each component in 
each of a plurality of time periods. The method includes determining, based 
upon the information, corresponding ftmctionality requirements that each 
component must provide over each of a series of said periods that the 

25 corresponding component is incorporated into said product. The method 

further includes determining the optimal set of components to be used in the 
product over a series of the periods that minimizes a cost functional subject to 
satisfying at least one of the second data and the functionaUty requirements 
over the series of the periods, wherein the cost functional includes the simi of 
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at least one of a development costs and a manufacturing costs of the product 
over the series of the stages. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] The present invention is further described in the detailed 
description which follows, by reference to the noted drawings by way of non- 
limiting exemplary embodiments, in which like reference numerals represent 
similar parts throughout the several views of the drawings, and wherein: 
10 [0034] Fig. 1 is a schematic depiction of a serial line supply chain; 

[0035] Fig. 2 is a schematic depiction of an assembly network supply 

chain; 

[0036] Fig. 3 is a schematic depiction of a distribution network supply 

chain; 

15 [0037] Fig. 4 is a schematic depiction of a spanning tree network 

supply chain; 

[0038] Fig. 5 is a depiction of the spanning tree network of nodes 
corresponding to stages of the network; 

[0039] Fig. 6 is a depiction of the spanning tree network of Fig. 5 with 
20 the nodes renumbered; 

[0040] Fig. 7a is a flowchart of the method for determining the 
optimimi series of options over the network of interconnected stages; 

[0041] Fig. 7b is an exploded flowchart of block SIO of Fig. 7 a; 

[0042] Fig. 7c is an exploded flowchart of block S22 of Fig. 7a; 
25 [0043] Fig. 7d is an exploded flowchart of block S34 of Fig. 7a; 

[0044] Fig. 8 is a schematic depiction of an example of a spanning tree 
network for a digital capture supply chain; 

[0045] Fig. 9 is a schematic depiction of the spanning tree network of 
Fig. 8 showing the optimal service times for miniminn UMC Heuristic. 
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[0046] Fig. 10 is the schematic depiction of Fig. 8 showing the 
production times for minimum UMC Heuristic; 

[0047] Fig. 1 1 is the schematic depiction of Fig, 8 showing the optimal 
safety-stock placement for the minimum UMC Heuristic; 
5 [0048] Fig. 12 is the schematic depiction of Fig. 8 showing the optimal 

service times for the minimum production time Heuristic; 

[0049] Fig. 13 is the schematic depiction of Fig. 8 showing the 
production times for the minimum production time Heuristic; 

[0050] Fig. 14 is the schematic depiction of Fig. 8 showing the optimal 
1 0 safety-stock placement policy for minimum production time Heuristic; 

[0051] Fig. 15 is the schematic depiction of Fig. 8 showing the optimal 
service times determined using the optimization algorithm of the present 
invention; 

[0052] Fig. 16 is the schematic depiction of Fig. 15 showing the 
1 5 production times for reference; 

[0053] Fig, 17 is the schematic depiction of Fig. 8 showing the optimal 
safety-stock placement determined using the optimization algorithm of the 
present invention; 

[0054] Fig. 18 is a block diagram of an embodiment of a computer 
20 system according to the present invention; 

[0055] Fig. 19 is a block diagram of an embodiment of a networked 
configuration of the system according to the present invention; 

[0056] Fig. 20 shows an exemplary embodiment of an interactive 
decision option chain view page that may be provided by the present 
25 invention; 

[0057] Fig. 21 shows an exemplary embodiment of a chain home page 
in accordance with the present invention; 

[0058] Fig. 22 shows an exemplary embodiment of a decision option 
chain stages and links in accordance with the present invention; 
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[00591 Fig. 23 shows an exemplary embodiment of an expanded stage 
display showing three stages in accordance with the present invention; 

[0060] Fig. 24 is a flow chart of a method according to the present 
invention for providing requested stage information to a user located at a 
5 second computer; 

[0061] Fig. 25 shows an exemplary embodiment of a stage report 
according to the present invention; 

[0062] Fig. 26 shows an exemplary embodiment of an options 
summary according to the present invention; 
10 [0063] Fig. 27 shows an exemplary embodiment of an options report 

in accordance with the present invention; 

[0064] Fig. 28 shows an exemplary embodiment of a stage properties 
summary in accordance with the present invention; 

[0065] Fig. 29 shows an exemplary embodiment of a stage properties 
1 5 demand report in accordance with the present invention; 

[0066] Fig. 30 shows an exemplary time metrics tracking report 
associated with a series of stages representing a decision option chain; 

[0067] Fig. 31 shows an exemplary cost metrics tracking report 
provided in accordance with the present invention; 
20 [0068] Fig. 32 shows an exemplary inventory metrics tracking report 

provided in accordance with the present invention; 

[0069] Fig. 33 shows an exemplary embodiment of a chain comparison 
report in accordance with the present invention; 

[0070] Fig. 34 shows an exemplary embodiment of a sensitivity 
25 analysis results report in accordance with the present invention; 

[0071] Fig. 35 is a flow chart for one embodiment of a method of the 
present invention for providing modification of stage information by a user at 
a second computer; and 
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[0072] Fig. 36 is a flow chart illustration of an embodiment of a 
method for representing an exemplary supply chain according to the present 
invention. 

[0073] Fig. 37 is a flowchart of the method for determining an optimal 
5 set of components to be used in a product over a series of periods. 

[0074] Fig. 38 is a graph showing product volumes over time for 
several companies; and 

[0075] Fig. 39 is a graphical depiction of the efficient frontier 
calculated using the algorithm to determine part selection in multigenerational 
1 0 products. 

DETAILED DESCRIPTION 

[0076] While the present invention will hereinafter be described in 
connection with at least one exemplary embodiment thereof, it should be 

15 imderstood that it is not intended to limit the invention to that embodiment. 
On the contrary, it is intended to cover all alternatives, modifications and 
equivalents as may be included within the spirit and scope of the invention as 
defined by the appended claims. 

[0077] One aspect of the present invention is that an apparatus and 

20 method are provided for determining, based upon at least one data set, an 

optimum series of options over a series of interconnected stages by selecting a 
single option at each stage in the series of stages that minimizes the sum of 
total costs over the series of the stages, wherein the total costs is a function of 
the at least one data set. The at least one data set includes at least a first cost 

25 and a second cost. The interconnected stages may be a production system, and 
the production system may be a supply chain. Where the interconnected 
stages is a supply chain, the first cost and second cost may include a monetary 
cost and an amount of time, respectively. 

[0078] Where the production system is a supply chain, the invention 

30 provides a decision support tool that product managers can use during the 
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product development process where the product's design has been fixed, but 
the vendors, manufacturing technologies, and shipment options have not yet 
been determined. The supply chain design framework of the present invention 
considers specific costs that are relevant when designing supply chains. The 
5 specific costs that are considered include unit manufacturing costs, inventory 
cost, and time-to-market costs. Inventory costs include safety-stock cost and 
pipeline stock cost. The present invention minimizes the sum of these costs 
when creating a supply chain. 

[0079] The problem is a design problem because there are several 

10 available decision options, or sourcing options, at each stage. Examples 
include multiple vendors available to supply a raw material and several 
manufacturing processes capable of assembling the finished product. Other 
examples of decision options include wherein said decision options include 
supply, distribution, manufacturing process, equipment, labor, purchase, or 

15 other related decision options that would effect the variables including cost 
and production time. These different decision options have different costs and 
times. The costs and times include direct costs and production lead-times. 
Therefore, choices in one portion of the supply chain can affect the costs and 
responsiveness of the rest of the supply chain. The optimal configuration of 

20 the supply chain will choose one option per stage such that the costs of the 
resulting supply chain are minimized. 

[0080] An optimal solution algorithm is developed to optimally solve 
the supply chain configuration for four embodiments. In the first embodiment 
provides the fi*amework for an algorithm of a serial line supply chain. This 

25 framework forms the building blocks of the more general algorithms of the 
second, third, and fourth embodiments. The second embodiment extends the 
serial line framework to solve assembly networks. Assembly networks are 
networks where a stage can have several supphers, but can itself supply only 
one stage. The third embodiment extends the serial line framework to solve 

30 distribution networks. Distribution networks are networks where a stage can 
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have multiple customers, but only one supplier. The fourth embodiment 
combines the results from the second and third embodiments to solve spanning 
tree networks. While still having a specialized structure, spanning trees allow 
the modeling of numerous real-world supply chains. Serial line networks, 
assembly networks, and distribution networks are all special cases of the 
spanning tree network, but discussing each in the above order facilitates 
understanding of the most general, spanning tree network. Furthermore, 
nomenclature, definitions, and the development of Equations for the first three 
embodiments are apphcable to the spanning tree network. Lastly, the 
algorithm and several heuristics are applied to an industry example. 

[0081] It will be understood to those skilled in the art that although the 
apparatus and methods above and described herein are described in terms of a 
supply chain, this apphcation is not intended to be limiting. Rather, the 
apparatus and method is applicable to any network of interconnected stages. 
As such, although a supply chain may use cost and time (i.e., direct cost and 
production lead-times) as the multivariable inputs, which correspond to the 
first cost and second cost, respectively, any data that is option-specific maybe 
used. Also, the total costs described above and herein apphcable to a supply 
chain, which include at least one of a manufacturing costs, inventory costs, 
and time-to-market costs, are not intended to be limiting. Rather, the 
multivariable optimization method can be appUed to any cost fimctional that 
can be expressed by any quantifiable characteristics. 

[0082] 1. Serial Line Formulation 
[0083] 1.1 Network Representation 

[0084] The first embodiment of the present invention presents an 
optimization formulation for a serial line network of interconnected stages. 
Where the serial line is a supply chain, the first embodiment therefore presents 
a method to minimize at least one of manufacturing costs, inventory costs, and 
time-to-market costs for an N-stage serial supply chain. The inventory costs 
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may include both safety-stock cost and pipeline stock cost. Therefore, the 
method may minimize the sum of at least one of manufacturing costs, safety- 
stock costs, pipeline stock costs, and time-to-market costs, 

[0085] Figure 1 shows a schematic of a plurality of interconnected 

5 stages 10 having N stages, where stage i is the immediate upstream "suppher" 
for stage i+1, for i = 1, 2, . . N-1. In a supply chain, each stage may represent 
an operation to be performed. The operation to be performed may be a 
processing function. Therefore, a typical stage might represent the 
procurement of a raw material or the manufacturing of a subassembly or the 

1 0 shipment of the finished product from a regional warehouse to the customer' s 
distribution center. Each stage is also a potential location for holding a safety- 
stock inventory of the item processed at the stage, which is indicated by a 
triangle 12 at the stage. A circle 14 at the stage indicates that the inventory is 
to be further processed. Hence, stage 1, indicated as reference numeral 16, is, 

1 5 for example, the raw material stage and has no suppUer; and stage N (1 8) is, 
for example, the finished goods inventory stage, from which customer demand 
is served. Each stage 20, 22 represents a processing function in the supply 
chain. 

[0086] For each stage, one or more options exist that can satisfy the 
20 stage's processing requirement. The total number of options available at stage 
i is denoted by Oi. For example, if a stage represents the procurement of a 
metal housing, then one option might be a locally-based high-cost provider 
and another option could be a low-cost multinational company. If these are 
the only two options available at stage 1, then Oi = 2 and the individual 
25 options will be denoted Oi i and O12 where Oy denotes the jth available 
option at stage i. Options are differentiated by their direct costs and 
production lead-times. For each stage, only one option will be chosen in the 
completed supply chain. Thus, the serial line system model restricts itself to 
sole sourcing at each stage. 
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[00871 An example of a typical serial line supply chain is shown 
schematically in Fig. 1 . Stage 1(16) represents the purchase of a raw material 
from an extemal vendor. Stage 2 (20) represents transforming the raw 
material. Stage 3 (22) represents sending the transformed raw materail 
5 through the company's distribution center. Stage 4(14) represents the product 
being shipped to the customer, who places orders directly on the distribution 
center at stage 4. An example of the options at each of the above stages are 
shown in Table 1 : 



Table 1. 



Stage 


Option 


Description 


Direct Cost 


Lead-time 


1 


1 


Local supplier 


$45 


20 days 


1 


2 


Multinational supplier 


$20 


40 days 


2 


1 


Manual assembly 


$10 


10 days 


2 


2 


Automated assembly 


$40 


2 days 


2 


3 


Hybrid assembly line 


$20 


4 days 


3 


1 


Company-owned trucks 


$15 


4 days 


3 


2 


Third party carrier 


$30 


2 days 


4 


1 


Ground transportation 


$25 


5 days 


4 


2 


Air freight 


$45 


3 days 


4 


3 


Premium air freight 


$60 


1 day 



10 

[0088] For example, referring to Table 1 and Fig. 1, at stage 1 (16) of 
the supply chain, the procurement of raw material could be from a local 
supplier (option 1), or a multinational supplier (option 2). From the local 
supplier (option 1), the raw material will have a monetary cost of $ 45 (direct 

15 cost) and will take 20 days (lead-time); from the multinational supplier (option 
2), the raw material will incur a monetary cost of $20 and will take 40 days. 
Likewise, at stage 2 (20) of the supply chain, transforming the raw material 
could be accomplished by manual assembly (option 1), by automated 
assembly (option 2), or by a hybrid assembly line (option 3). Each of the costs 

20 (i.e., direct cost and lead-time cost) associated with each option of each stage 
of the supply chain of Fig. 1 is likewise shown in Table 1. 
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[0089] It will be understood to those skilled in the art that the example 
options in Table 1 and the description of operations/functions at each stage of 
the supply chain of Fig. 1 are not intended to be limiting, but are rather 
intended to merely illustrate the possible options and functions that could be 
5 encoxmtered by a manufacturer in a supply chain. Further, although only two 
or three options are depicted at each stage, any number of options can be 
available. 

[0090] Additionally, although only Direct Cost and Lead-Time, 
corresponding to a first cost and a second cost, respectively, are presented in 

10 this section as being inputs that are option-specific to the supply chain, it will 
be understood to those skilled in the art that any other data that are option- 
specific can also be modeled in a straight-forward manner as extensions to the 
Equations presented herein and throughout. For example, such data could 
include defect rates, variability of lead-time, and bounds and conditions on 

1 5 allowable service times that depend upon which option is chosen, or any other 
variable quantities. 

[0091] By merely reviewing the costs and lead-times of Table 1, it is 
not immediately obvious which option should be selected at each stage. At the 
extremes, one can create a high-cost, short production lead-time supply chain 

20 or a low-cost, long production lead-time supply chain. Thus, the object of the 
present invention is twofold. First, for a given set of options at each stage of 
interconnected stages, wherein each option includes at least a first cost and a 
second cost, a method for determining, based upon the given set of options, 
the optimal series of options (i.e., configuration) that minimizes the total costs 

25 is provided. Where the interconnected stages is a supply chain, the algorithm 
minimizes total supply chain costs. Furthermore, the present invention 
provides a methodology and algorithm to provide general insights and 
conditions on when certain supply chain structures are appropriate. 
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[0092] The stage notation and assumptions for the serial line supply 
chain, which are also applicable to the embodiments that follow, is developed 
below. 



5 [0093] 1.2 Option definition 

[0094] An option at a stage is defined as a {first cost, second cost} 
pairing. In a supply chain using inputs of a monetary amount (i.e., direct cost 
added) and an amount of time (i.e., lead-time), an option at a stage is therefore 

10 defined as a {direct cost added, production lead-time} pairing. There are Of 

options to choose from at stage i and the jth available option is defined by Oij 

= {cy , Tjj}, where Cy denotes the direct cost added (i.e., first cost) and Ty 
denotes the production lead-time (i.e., second cost) of the jth option at stage i. 
It is noted that 1 < j < Oi. When a stage reorders, the production lead-time is 

1 5 the time to process an item at the stage, assuming all of the inputs are 

available. The production lead-time includes both the waiting and processing 
time at the stage, plus any transportation time required to put the item into 
inventory. For instance, suppose stage i's selected option has a three-day 
production lead-time. If we make a production request on stage i in time 

20 period t, then stage i completes the production at time t+3, provided that there 
is an adequate supply from stage i-1 at time t. 

[0095] It is assumed that the production lead-time is not impacted by 
the size of the order. In effect, this assumes that there are no capacity 
constraints that limit production at a stage. 

25 [0096] An option's direct cost represents the direct material and direct 

labor costs associated with the option. If the option is the procurement of a 
raw material from a vendor, then the direct costs would be the purchase price 
and the labor cost to unpack and inspect the product. 
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[0097] 1 .3 Periodic-review base-stock replenishment policy 

[0098] It is also assumed that all stages operate according to a periodic 
review policy with a common review period. Each period each stage observes 

5 demand either from an extemal customer or from its downstream stage, and 
places an order on its suppUer to replenish the observed demand. In effect, 
each stage operates with a one-for-one or base-stock replenishment poUcy. 
There is no time delay in ordering; hence, in each period the ordering poUcy 
passes the extemal customer demand back up the supply chain so that all 

1 0 stages see the customer demand. 

[0099] 1.4 Extemal demand 

[00100] Without loss of generality, it is assumed that extemal 

15 demand (i.e., customer demand) occurs only at node N, and d^Ct) denotes the 
demand at stage N in period t. It is assumed that the demand for the end item 
comes from a stationary process for which the average demand per time period 
is It is also assumed that the demand process is bounded by the function 
DnW, for t = 1, 2, 3, ... Mn, where is the maximum possible 
20 replenishment time for the item. That is, D^ix) > d^(t) + dN(t+l) + ... + 

dN(t+x-l) for all t and for T = 1, 2, 3, ... M^. We define I>n(0) = 0 and assume 
that Dn(x) is increasing and concave on x = di(t) = ^i,i+ldi+i(t) , 2, 3, ... 
Mn. Thus, Dn(t) - I>n(x-1) is nonnegative and decreases as x increases. 

25 [00101] 1.5 Intemal demand 



[00102] An intemal stage is one with intemal customers or 
successors, hi the serial line formulation, these are stages with labels 1,2,..., 
N-1 . For an intemal stage, the demand at time t equals the order placed by its 
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immediate successor. Since each stage orders according to a base stock 
policy, the demand at internal stage i is denoted as di(t) and given by: 
di(t) = <t)i,i+ldi+l(t) 

5 for i = 1, 2, . . N-1 where (t)i,i+i denotes the number of units of stage's i's 

product necessary to produce one unit of stage i+Ts product. 

[001 03 J It is assumed that the demand at each internal node of the 
supply chain is also stationary and bounded. The average demand rate for 
component i is defined as: 
10 =(i>i4+l)^i+l. 

[00104] We also assume that demand for the component i is boxmded 

by the function Di(T), for t = 1, 2, 3, ... Mj, where Mf is the maximum possible 

replenishment time for the item. For the serial case, the demand bound at 
1 5 stage i is derived directly fi*om the demand bound at stage i+1 . 

[001 05] 1 .6 Guaranteed service times 

[00106] Where the interconnected stages are a supply chain, the 
20 model of the present invention assumes that the demand node N promises a 

guaranteed service cost S]sj by which the stage will satisfy customer demand. 

Where at least one of the first cost and second cost is a lead-time, the 

guaranteed service cost is a guaranteed service time • For instance, if = 

0, then the stage provides immediate service fi-om inventory to the final 

25 customer. If Sn > 0, then the customer demand at time t, d^(tX must be filled 

by time t + S^j. Furthermore, it is assimied that stage N provides 100% service 

for the specified service time: stage N delivers exactly d^{t) to the customer 
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at time t + S>[- These guaranteed service times for the end items are model 
inputs. 

[00107] An internal stage i quotes and guarantees a service time Si to 
its downstream stage i+L Given the assumption of a base-stock policy, stage 
5 i+1 places an order equal to ([>i4+idi+i(t) on stage i at time t; then stage i 

delivers exactly this amount to stage i+1 at time t + Sj. For instance, if = 3, 

then stage i will fulfill at time t + 3 an order placed at time t by stage i+L 
These internal service times are decision variables for the optimization model, 
as will be discussed below. 

10 

[00108] L7 Single-Stage Single-Option Model 

[00109] The following discussion presents a model for the inventory 
at a single stage, where there is only one option available at the stage. The 
1 5 single-stage model serves as the building block for modeling a multi-stage 
supply chain. Since it is assumed that there is only one option per stage, the 
option-specific index can be suppressed and denote the production lead-time at 

stage i by Tj. 

[OOIIOJ Where at least one of the first cost and second cost is lead- 
20 time, we have already noted that each stage quotes and guarantees a service 

time Sj by which stage i will deliver product to its inmiediate successor. For a 

serial supply chain, it must also be the case that stage i is being quoted a 
service time by its upstream supplier. That is, the inbound service time to 
stage i is the service time that stage i-1 quotes to stage i. By definition, this 

25 inbound service time is equal to Sj-i. For the case where i = 1, we assimie that 

So = 0; this corresponds to the case where there is an infinite supply of 
material available to the supply chain. 
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[0011 1] It will be understood by those skilled in the art that the term 
"service time" is not intended to be limiting. For example, where neither the 
first cost and second cost are lead-time, service time would represent the 
particular numeric quantity that stage i-1 quotes stage i. 

5 

{00112] 1 .7.1 Inventory model 

[00113] In a supply chain, the finished inventory at stage i at the end 
of period t is defined as Ii(t), where we assume the inventory system starts at 
10 time t=0. Under the assxmiptions of perfect service and a base-stock 
replenishment policy, Ii(t) can be expressed as: 

Ii(t) = Bi-di(t-Si.i-Ti,t-Si) 

(1) 

where Bi = li(0) > 0 denotes the base stock and where di(a, b) denotes the 

1 5 demand at stage i over the time interval (a, b] . Since a periodic-review 
replenishment policy is assumed, then without loss of generality, all time 
parameters can be expressed as integer units of the underlying time period. 

Hence, di(a, b), the demand at stage i over the time interval (a, b], is given by 
di(a, b) = di(a+l) + di(a+2) +.... + di(b) 

20 for a<b and di(t) being the demand observed at stage i in time period t. When 

a > b, we define di(a, b) = 0. And for Equation (1) to be true for small t, we 

define di(a, b) = di(0, b) for a<0. 

[00114] To explain Equation (1), it is observed that the replenishment 
time for the inventory at stage i is Si_i + Tj, Thus, in time period t stage i 

25 completes the replenishment of the demand observed in time period t - Si_i - 



26 



Hence, at the end of time period t, the cumulative replenishment to the 
inventory at stage i equals di(0, t - Si.i - Ti). For a given service time S{, in 

time period t stage i fills the demand observed in time period t - Si fi:om its 
inventory. By the end of time period t the cumulative shipments from the 
5 inventory at stage i equal di(0, t - Si). The difference between the cumulative 
replenishment and the cumulative shipments is the inventory shortfall, di(t - 

Si_i - Ti, t - Si). The on-hand inventory at stage i is the initial inventory or 
base stock minus the inventory shortfall, as given by Equation (1). 

10 [00115] 1 .7.2 Determination of base stock 

[00116] In order to provide 100% service to its customers, it is 
required that Ii(t) > 0 with probabihty 1 . From Equation (1) it is seen that 
100% service requires that 
15 Bi > di(t - Si_i - Ti, t - Si) with probability 1 . 

Since it is assumed that demand is bounded, the above requirement can be 
satisfied with the least inventory by setting the base stock as follows: 

Bi Di(T) where x = max {0, Si.i + Ti - Si}. (2) 

20 By assumption, any smaller value for the base stock can not assure that Ii(t) > 

0 with probability 1, and thus cannot guarantee 100% service. 

[001 17] That is, the base stock is set equal to the maximum possible 
demand over the net replenishment time for the stage. The replenishment time 

for stage i is the time to get the inputs (Si_i) plus the production time at stage i 
25 (Ti). The net replenishment time for stage i is the replenishment time minus 
the service time (Si) quoted by the stage. The demand over the net 
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replenishment time is demand that has been filled but that has not yet been 
replenished. The base stock must cover this time interval of exposure; thus the 
base stock is set to the maximum demand over this time interval. 

[00118] It is possible that the promised service time is longer than the 

5 replenishment time, i.e,, Sf.i + Tj < Sj, and thus the net replenishment time is 

negative. For example, it may take five days for the stage to replenish its 
inventory^ but the promised service time is eight days. In this case, we see 
jfrom Equation (2) that there is no need for a finished goods inventory; the base 

stock Bj can be set to zero and still provide 100% service. Indeed, in such a 

10 case^ the stage would delay each order on its suppliers by Si — ^{-^i ~ Tj 

periods, so that the supplies arrive when needed. 

[00119] With no loss of generality, the inbound service time can be 

redefined so that the net replenishment time is nonnegative. In particular, Si_i 

is redefined to be the smallest value that satisfies the following constraints: 

15 Si.i> Si fori-l,2,...,N and 

Si.i + Ti> Si . 

[00120] If the inbound service time is such that Si_i > Si for some i = 
20 1, 2, . . ., N, then stage i delays orders from stage i by Si_i - Si periods. 



[00121] 1.7.3 Safety-stock model 

[00122] Equations (1) and (2) are used to find the expected inventory 
25 level E[Ii], thus: 

E[Ii] ^Bi-E[di(t-Si.i-Ti,t-Si)] 



= Di(Si.i + Ti - Si ) - (Si.i + Ti - Si ) w 



(3) 
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for Si_i + Tj - Si > 0. The expected inventory represents the safety-stock held 
at stage i. The safety-stock is a function of the net replenishment time and the 
bound on the demand process. 

[001231 1 .7.4 Pipeline hiventory 

[00124] In addition to the safety-stock, the present invention accounts 
for the in-process or pipeline stock at the stage. Following the argument for 
the development for Equation (1), it is observed that the work-in-process 
inventory at time t is given by 

Wi(t) = di(t~Si.i-Ti,t-Si.i). 

That is, the work-in-process corresponds to Ti periods of demand given the 
assumption of a deterministic production lead-time for the stage. The amount 
of inventory on order at time t is 

Oi(t) = di(t-Si.i,t) 

where the units of Oi(t) are in terms of finished items at stage i, and denote the 
amount of component kits on order from stage i-1 to stage i. Similar to the 
work-in-process, the amount on order equals Si.i periods of demand. 

[00125] From Equation (1) it is seen that the finished inventory plus 
the work-in-process plus the on-order inventory is a constant, namely the base 
stock. Furthermore, it is seen that the expected work-in-process depends only 
on the lead-time at stage i and is not a function of the service times: 

E[Wi]-TiW. (4) 

[00126] 1.7.5 Safety-stock cost calculation 

[00127] Safety-stock cost is a cost associated with holding stock at a 
stage to protect against variability. The variability may include a variability of 
demand at the stage. Variability of demand may be based upon a forecast, or 
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it may be based on other user defined criteria. Therefore, to determine the 
safety-stock cost at stage i, stage i's holding cost must first be determined. 
Since this present discussion considers only the single-option model for each 
stage, it is known that the direct costs added at the stage is ci. For the 

5 purposes of calculating holding costs, it is necessary to determine the total 
direct costs that have been added from stage 1 up to and including the current 
stage. For stage i, denote Ci as the total direct cost added up to and including 
stage i, i.e., the cumulative cost at stage i. Since the supply chain in the 
present discussion is a serial line by assumption, Ci is determined by the trivial 

10 recursion Ci C^i + Ci for stages i = 1, N and Cq = 0. 

[00128] If we assume a holding cost rate of a then the per unit 
holding cost at stage i equals aCi- Therefore, the expected safety-stock cost at 

stage i equals aCiE[Ii]. 

1 5 [00129] 1 .7.6 Pipeline stock cost calculation 

[00130] The cost of the pipline stock at stage I is equal to the pipeline 
stock at the stage multiphed by the average value of the stock at the stage. If it 
is assumed that the costs accrue as a linear function of the time spent at the 

20 stage, then the average value of a unit of pipeline stock at stage i equals (Ci_i 
+ Ci)/2. This can also be written as Ci_i + Ci/2. Therefore, the expected 
pipeline stock cost at stage i equals a(Ci.i + Ci/2)E[Wi]. This assumption of a 
linear cost-accmal process approximates the real process. However, it is 
contemplated that a more comphcated function, i.e., a non-linear or multi- 

25 linear function, can be used to determine the cost-accrual process if conditions 
justify this. 

[00131] 1.8 Multi-Stage Multi-Option Serial Supply Chain Model 



30 



[00132] The discussion above with respect to the single-stage single- 
option model is now used as a building block to model the expected safety- 
stock levels and pipeline stock levels across the multi-stage, multi-option, 
serial supply chain. The consideration of multiple options at a stage does 

5 introduce some additional complexity to the formulation, hi particular, there 
is the need to explicitly account for the fact that only one option will be 
selected at each stage. To do this, a 0-1 indicator variable is introduced, the 
mdicator variable being yy for i = 1, 2, . . N and 1 < j < Oi- yij equals 1 if 
option j is selected for stage i and equals 0 otherwise, i.e., yij = 1 impUes Oy is 

10 selected. Given this additional notation, the model for stage i is formulated as: 

E[lJ = iyg[D,(s,, +T, -S0-(S,, +T, -sJhJ (5) 

j-i 

Oi 

E[Wi]=XyijTijR 

j=l 

ys(SM+Tg-Sj>0 forl<j<Oi (7) 



Oi 

Eyij^i 



(8) 



15 Yij e {0,1} forl<j<0, (9) 

Equation (5) expresses the expected safety-stock as a fimction of the net 
replenishment time and demand characterization given that option j is selected 
at stage i. In Equation (6), the expected pipelme stock equals the mean 
demand times the selected option's production time. Equation (7) ensures that 
20 the net replenishment time is nonnegative. Finally, Equations (8) and (9) 
require that exactly one option be selected at each stage. 

[00133] It can be seen from Equations (5)-(9) that the expected 
inventory ua the supply chain is a function of the demand process, the options 
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selected and the service times. It is assumed that the options' production lead- 
times, and the means and bounds of the demand processes are known input 
parameters. The guaranteed service time for stage N is also an input. Thus, in 
any optimization context, the internal service times and options selected are 
5 the decision variables. 

[00134] In order to determine which options and service times are 
optimal, we need to know how choosing a particular option and service time 
configuration affects the supply chain's costs. This is the subject of the next 
section. 

10 

[00135] 1 .9 Multi-Stage Multi-Option Objective Function 
Determination 

[00136] The formulation of total costs that are relevant to a supply 
1 5 chain configuration problem will now be developed. In a supply chain, there 
are at least four relevant costs that are considered during the optimization of 
the supply chain: manufacturing cost, safety-stock cost, pipeline stock cost, 
and time-to-market costs. Safety-stock cost and pipeline stock cost, which 
constitute inventory costs, have already been introduced and only need to be 
20 modified to handle the addition of multiple options at a stage. The 

manufacturing cost is equal to the total direct cost of all the units of product 
that are shipped to consumers. The time-to-market cost is a function of the 
configuration's longest path. 

[00137] It will be understood by those skilled in the art that the total 
25 costs of manufacturing cost, inventory cost, and time-to-market costs is not 
intended to be limiting. Rather, and especially where the interconnected 
stages is a network other than a supply chain, the total costs may be the 
summation of any quantifiable characteristics that are desired to be optimized. 
[00138] Note that all four of these costs are influenced by the option 
30 chosen at each stage. For example, a supply chain comprising stages with low 
direct costs and long lead times may have a low cost of goods sold but a high 
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safety-stock cost. To make this statement more rigorous, the direct and 
cumulative cost added at each stage must first be determined. In particular, 
the calculation of Ci must take the selected options into account. This is done 
as follows: 

Oi 

5 Ci-Ci_i + 2yijCij (10) 

for i = 1, 2, . . N where Cq = 0. That is, in general, the cumulative cost (i.e., 
cumulative first cost) is the sum of the first costs of the preceding stages of at 
least one option plus the first cost at the given stage associated with a 
corresponding option. With this cost information, we can now determine the 
10 supply chain's cost. 

[00139] 1.9.1 Safety-stock Cost 

[00140] By definition, safety-stock is held at the end of the stage, after 
1 5 its processing activity has occurred. Therefore, the value of a unit of safety- 
stock at stage i is equal to the cumulative cost of the product at stage i. The 
expected safety-stock cost at stage i is: 

aCiE[li] (11) 

where a represents the holding cost rate. 

20 

[00141] 1.9.2 Pipeline Stock Cost 
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[00142] The cost of the pipeline stock for stage I is equal to the 
expected pipeline stock multipHed by the average cost of the product at the 
stage. Two equivalent cost calculations are shown below: 
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Z-(j=l'^!l 'J 



aE[wJ = 



aE[wJ 



(12) 



[00143] 1.9.3 Cost of Goods Sold 

5 [00144] Cost of goods sold (COGS) (i.e., manufacturing cost) 

represents the total cost of all the units that are delivered to customers during a 
company-defined interval of time. Typically, the interval of time is one year. 
The cost of goods sold is determined by multiplying the end item's annual 
demand times the end item's unit manufacturing cost. That is, 

10 COGS = pCNlLtN ^^^^ 

where p is a scalar that converts the model's imderlying time luiit into the 
company's time interval of interest; p is the scalar that expresses Equation 
(13) in the same units as Equations (1 1) and (12). Recall that the model has an 
underlying time unit that is common to all stages. For example, if the model's 

15 underlying time unit is one day and the company's interval of interest is one 
year, then we would need to multiply |iin by 365 to get the expected amiual 
volume of the product. This annual volume would then be multiplied by the 
unit manufacturing cost, Cn, to get the expected cost of goods sold per year. 
[00145] The above derivation of COGS is formulated from the 

20 perspective of the end item. For an intuitive understanding of the cost, this is 
an easier interpretation. However, when formulating the objective function, 
we will find it usefiil to divide the cost among the stages in the supply chain. 
To do this, we note that the cimiulative cost at stage N is just the summation of 
the chosen dhect costs at each of the stages. Therefore, COGS can be 

25 calculated as follows: 
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N Oi 
i=lj=l 

This formulation is analogous to the echelon stock cost seen in many classic 
multiechelon inventory works, including Clark and Scarf (I960). 

[00146] 1.9.4 Time-to-Market Cost 

[00147] Time-to-market cost (TTMC) attaches a doUarized cost to the 
longest time path in the supply chain. We let xi denote the maximum time for 

stage i. In general, Tj equals: 

h=1 j=1 

Although the problem formulation is general enough to consider time-to- 
market costs at all stages, in practice it is common to only associate time-to- 
market costs with finished goods stages. For a serial line, by definition, the 
only finished goods stage is stage N. The maximum time for stage N, tn, 
equals: 

^N=iiyijTij 

i=1 j=1 

That is, for a serial line, the maximum time at stage N equals the sum of the 
production times at each of the stages in the supply chain. 

[00148] The target time for stage i is denoted by Time-to-market 
cost is a function of and Xi. Let the fimction Uixi , Xi) denote the time-to- 
market cost at stage i. M general, Li(xi , 10 is of the form: 
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where S and p are constants. It will be understood to those skilled in the art 
that X, S and p could be stage dependent, and as such indexed by i. It will also 
be understood to those skilled in the art that the definition of LjCxi , Jij) in (s3) 
is merely representative of the types of time-to-market costs seen in practice. 
5 The problem framework is general enough to allow any time-to-market cost 
encountered in the real world, whether it be convex, concave, or 
discontinuous. 

[00149] Given this development, the time-to-market cost can be 
expressed as: 



As a practical matter, if the only relevant time-to-market costs are at stage N, 
then Xi can be set to infinity and % set to zero for all stages other than stage N. 

[00150] 1.10 Math Programming Formulation 



[00151] With the inventory calculations discussed above with respect 
to the multi-stage, multi-option, serial supply chain model (section 1.8) and 
the formulation with respect to the relevant costs in the supply chain (section 
1.9), we are now in a position to formulate an optimization problem for 
20 fmding the optimal options configuration for the entire serial supply chain, 
which is shown below as problem P: 



N 
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i=1 
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St 

Oi 

Ci-Ci-i-EyijCij=o 
j=i 

yij(Si_i+Tij-Si)>0 

Sn^sn 
Oi 

Zyij=i 

Yij e Kl} 
Si >0 and integer 

y..6{0,l} fori = l,2,...,N,l<j<Oi 

yij(Si_i+Ty-Si)>0 fori=l,2,.. .,N,l£j£Oi 

5 

where sn is the guaranteed service time for demand node N, and sn is a user- 
specified input to the model. Thus, the objective of problem P is to minimize 
the sum of the supply chain's safety-stock cost, pipeline stock cost, cost of 
goods sold, and tune-to-market cost. The constraints, as described above, 
1 0 assure that exactly one option is chosen per stage, that the net replenishment 
time for each stage is nonnegative and that Stage N satisfies its service 
guarantee. The decision variables are the service times and the options 
selected. 

[00152] Problem P is an integer nonlinear optimization problem. For 
1 5 a fixed set of feasible yy (corresponding to the case where the user specifies 
the option selected at each stage) and LjO equal to zero (corresponding to the 
case where there is no time-to-market cost), it is known in the art {see Graves 
and Willems (1 998)) that the objective function is a concave fimction provided 



fori = 1,2,... ,N 

fori = 1,2,... ,N,l<j<Oi 

fori = 1,2,... ,N 

fori = 1,2,... ,N,l<j<Oi 
fori = 1,2,... ,N 
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that the demand bound Di( ) is a concave fimction for each stage i. Hence, in 

the single-option case, we minimize a concave fimction over a set of linear 
constraints. Although the feasible region is not necessarily bounded, it can be 
shown that the optimal service times need not exceed the sum of the 

5 production lead-times, provided that the demand bound Di( ) is a non- 
decreasing fimction for each stage i. Thus, the problem for this restricted 
version of problem P is to minimize a concave fimction over a closed, 
bounded convex set. As is known in the art, an optimum for such a problems 
is at an extreme point of the feasible region (see, e.g., Luenberger, 1973). 

10 

[00153] 1.11 Dynamic Programming Solution Procedure 

[00154] The serial line case can be solved to optimality using 
dynamic prograrmning. Below is a construction of the dynamic program's 
1 5 state space and solution procedure. 

[00155] 1.11.1 State space determination 

[00156] In order to solve the dynamic program efficiently, a state 
20 space that allows the algorithm to solve the network in a node-by-node 

fashion, using only information that is locally available at the node needs to be 
defined. When there is only one available option per stage, it is known in the 
art (see Graves and Willems (1998)) how to formulate the dynamic program 
with a single state variable. The state variable is either the inbound or 
25 outbound service time at the stage. The type of service time that is used at a 
stage depends on the where the stage resides in the network. 

[00157] The single-option problem only requires one state variable 
because several key parameters are uniquely determined by the options. In 
particular, the maximum replenishment time and the cumulative cost at each 
30 stage are known constants if there is only one available option per stage. 
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Having a constant cumulative cost is important because this makes the 
pipeline stock and cost of goods sold deterministic quantities. These two costs 
do not depend on service times, so the options chosen entirely determine their 
values. When there is only one option per stage, the maximimi time for each 
5 stage is also a constant. Therefore, when there is only one available option per 
stage, the optimization problem simplifies to determining the optimal set of 
service times that minimize the supply chain's safety-stock cost. 

[00158] When time-to-market costs are not included in the problem, 
the multi-option serial supply chain problem can be modeled using two state 

1 0 variables. As shown in Graves and Willems (1998), one state variable will 
represent the outbound service time at the stage. The additional state variable 
will be the cumulative cost at the stage. When time-to-market costs are 
included, as in Problem P, three state variables are needed. The additional 
state variable is the maximum time associated with the cumulative cost state 

1 5 variable. 

[00159] As noted in Section 1.2, an option at a stage may be defined 
as a {direct cost added, production lead-time} pairing. This notion of paired 
values will translate to the definition of the cumulative cost and maximum 
time state variables. The set of feasible cumulative costs and maximum times 

20 at stage i is defined by the pairing {Xf, ^j} . Since the cumulative cost and 

maximum time at stage i is determined by the options selected at stages 1 to i, 
and there are a finite number of options at each stage, the cumulative cost and 
maximum time at stage i can only take on a set of discrete values. For 
example, if stage 1 has two options then it can have at most two pairings of 

25 cumulative costs and maximum times. In this case, each possible {cumulative 
cost, maximum time} pairing is equal to one of stage I's options. If stage 2 
also has two options, then stage 2 can have at most four {cumulative cost, 
maximum time} pairings, which are created by adding each option's cost 
element to stage Ts cumulative costs, and adding each option's production 

30 time to stage 1 's maximum times. 
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[00160] It is also useful to define {Xlj, ^Ij} as the set of incoming 
cumulative costs to stage i. For the serial line supply chain, these are just the 
cumulative costs at stage i-1. In set notation, {Xlj, V)/Ii} a {Xj^i, ^i-i}. 

5 [001 61] 1.11.2 Forward recursive formulation 

[00162] The dynamic program is a forward recursion starting at stage 
1 and proceeding to stage N. For each stage, the dynamic program evaluates a 

functional equation denoted by fi(C, x, S). The function fi(C, t, S) is defined 

1 0 as the minimum supply chain cost for node 1 to i given that stage i's 

cumulative cost is C, stage i's maximum time is x, and stage i quotes a service 
time of S. 

[00163] To develop the functional equation, we first define, in 
general, the total costs of the interconnected system as a function of state 
1 5 variables. The state variables include the first cost at stage I as a function of 
the service second-cost quoted to stage I (SI), plus stage I's service second- 
cost, cumulative first-cost (c ), maximum first-cost (x), and the option (Oy) 

selected. Where the first cost and second cost are direct cost and lead-time, as 
discussed above, the state variables thus include cost at stage i as a function of 
20 the service time quoted to stage i (SI), plus stage i's service time (S), 

cimiulative cost (C), maximum time (x), and option (Oy) selected, and the total 

costs is given by Equation (15) below: 

gij (S!,C,T,S) - aC[Di (Sl + Tij - s) - (Sl + Tjj - s) fXj ] + [^C - - J jaT-j^ + Pcy^j + Lj (t.X} ) 

25 (15) 
gij(SI, C, X, S) is the summation of the safety-stock cost, pipeline stock cost, 
direct manufacturing cost, and time-to-market cost contributed by the stage. 
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By observation, gij(SI, C, x, S) is strictly decreasing in S over the interval 0 < 
S < SI + Tij and strictly increasing in SI over the interval [S - Tij]^ < SI < Mj. 
1- 

[00164] There are four conditions on gij(SI, C, t, S); one condition 

5 corresponding to each of the function's parameters. The first condition is that 

[S - Tjj]^ < SI < Tj- Tij. The left inequality constrains the service time quoted 

to stage i (SI) so that the net replenishment time at stage i is nonnegative. The 
right inequality restricts the service time at stage i-1 to not exceed the 
maximum service time that stage i-1 can quote. The second condition is that 0 

10 < S < SI + Tij. The service time at stage i must be nonnegative and can not 
exceed the net replenishment time. Third, it is required that the incoming 
cumulative cost to stage i equal a cost that the upstream configuration can 
produce. This requires the cumulative cost (C) minus option j's direct cost 

(cij) to equal a feasible cumulative cost at stage i-1 and the maximum time (t) 

15 minus option j's direct production time (Tij) to equal a feasible maximum time 

at stage i-1. Thus, for C to be feasible, v^e must have {C - Cij} g Xi_i and for 

T to be feasible we must have {x - Tij} e ^i-i- 

[00165] The minimum supply chain cost for stages 1 through i given 
that stage i utilizes option Oij is now defined. Let ^j(C, x, S) denote this 
20 option-specific optimal cost-to-go function, which is defined below: 

fjj (C,T,S) = minjgy (SI,C,x.S) + U (c - cy.T - "nj.Sl)) (16) 

[00166] The first term represents the supply chain's costs incurred at 
stage i and is defined in Equation (15). The second term corresponds to the 
25 minimum cost for the stages that are upstream of stage i. For these upstream 
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stages, we include their minimum supply chain costs as a function of stage i- 
r s service time, SI, maximum time, t - Ty, and its cumulative cost C - cy. 
The four conditions on Equation (15) also apply to Equation (16). 
[00167] The functional equation for fi(C, t, S) is: 

5 

fj(C,T,S) = min{fij(C,T.S)} (17) 

where the minimization is over the options at stage i that are feasible given a 
cumulative cost of C at stage i, a maximum time of x at stage i, and a service 
time of S. 

10 [00168] The functional equation is evaluated for all {cumulative cost, 

maximum time, service time} states that are feasible at stage i. Thus, for each 
C € Xi and T G Ti,we solve for S - 0, 1, . . Mi. Mi, the maximum 
replenishment time at stage i, is calculated by the recursion Mi = Mi.i + max 
{Tij}, The set Xi is defined by the recursion Xi - {xi^i + Cij | Xj.i g Xi.i, j = 1 

15 , . . . , Oi } and the set is defined by the recursion ^i = {i(/i.i + Tij 

vFi_i,j = l,...,Oi}, 

[00169] To find the optimal solution, it is first noted that the service 

time at stage N can not exceed S]s[. Therefore, for each feasible cumulative 

cost C and maximum time t at stage N, fN(C, x, sn) can be evaluated and the 
20 option with the minimum cost chosen. By backtracking through the network, 

as is generally known in the art, the optimal option and service time at each 

stage can be produced. 

[00170] The framework for fmding the optimal supply chain of a 

serial Ime system, as formulated and solved above, now provides the building 
25 blocks for finding the optimal supply chain for an assembly network supply 

chain, described below. 
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[00171] 2.0 Assembly Network Formulation 
[00172] 2.1 Network Representation 

5 [00173] An exemplary assembly network of interconnected stages is 

one in which each stage can receive inputs from several adjacent suppliers but 
can directly supply only one downstream stage. Figure 2 is an example of an 
assembly network 24. The assembly network of Fig. 2 may be a supply chain. 
In network terms, an assembly network is a graph where each node can have 

10 multiple incoming arcs but only one outgoing arc. We assume the nodes are 
topologically ordered. That is, for every arc (ij) g A, i < j. By construction, 
this impUes that the finished goods node will be labeled node N. 

[00174] Let B(i) denote the set of stages that are backwards adjacent 
to stage i; B(i)={h:(h,i)GA}. The cardinality of B(i), denoted |B(i)|, equals the 

1 5 number of stages directly supplying stage i. 

[00175] For each node i we define Ni to be the subset of nodes {1,2, 
... i} that are connected to i on the sub-graph consisting of nodes {1, 2, . . . i} . 
That is, Ni is the set of nodes that form an in-tree rooted at node i. The term 
Ni will be used to explain the dynamic programming recursion, discussed 

20 below. The term Ni is determined by the following Equation: 

N,-{iK IJN. 

heB(i) 

[00176] An example of the options at each stage of the supply chain 
of Fig. 2 are shown in Table 2 below. 
Table 2 



25 
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A 
I 


1 


Multinational Supplisr 




1 0 days 


1 


o 


i-UUal OU)J|JMoi 


<(iin 


*t Udyo 


2 


1 


Multinational Supplier 


$5 


10 days 


2 


2 


Local Supplier 


$10 


4 days 


3 


1 


Local Vendor #1 


$15 


18 days 


3 


2 


Local Vendor #2 


$20 


10 days 


4 


1 


Manual Assembly 


$25 


10 days 


4 


2 


Automated Assembly 


$30 


8 days 


5 


1 


Low Volume Eauipment 


$10 


30 days 


5 


2 


Hiah Volume Eauipment 


$15 


1 5 days 



[00177] Figure 2 represents an example of a supply chain for a 
subassembly that is created by inserting a circuit board into a metal housing. 
5 The circuit board has two main components, a motherboard and a controller. 
All of the stages have two sourcing options^ consisting of a low cost, long 
lead-time supplier and a higher cost, shorter lead time supplier. Referring to 
Fig. 2 and Table 2, stage 1 (26) represents the operation of procuring the 
controller, of which there are two options: a multinational supplier (option 1) 

1 0 and a local supplier (option 2). Each of these options includes a first cost and 
a second cost. More specifically, option 1 has a direct cost (first cost) of $5 
and a lead-time (second cost) of 10 days. Option 2 has a direct cost (first cost) 
of $10 and a lead-time (second cost) of 4 days. Stage 2 (28) represents the 
procurement of the motherboard, which has two options. Stage 3 (30) may 

] 5 represent the procurement of sheet metal, which has two options. Stage 4 (32) 
may represent the assembly of the controller and motherboard onto the circuit 
board, of which there are two options (manual or automatic assembly). Stage 
5 (36) may represent the assembly of the circuit board and the sheet metal 
housing, of which there are two options, one for low volume equipment and 

20 one for high volume equipment. 

[00178] For the supply chain shown in Fig. 2, Ni is {3} for i=3 and 
{1,2, 4} fori=4. 
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[00179] It will be understood to those skilled in the art that the 
example options in Table 1 and the description of functions at each stage of 
Fig. 2 are not intended to be limiting, but are rather intended to merely 
illustrate the possible options and functions at each stage that could be 
5 encountered by a manufacturer in a supply chain. Further, although only two 
options are depicted at each stage, any number of options can be available. 

[001 80] 2.2 Stage Notation and Assumptions 

10 [00181] The assumptions and notation adopted for the serial line 

network are equally vaUd for assembly networks. However, the discussion 
which follows addresses two differences between the serial line and assembly 
network cases. First, the notation for the demand process must be redefined 
now that the network is not a serial line. Second, the incoming service time 

15 (i.e., generally, incoming service second cost) to a stage has to be defined 
since a stage can have several upstream supphers, each quoting the stage a 
different service time. 

[00182] 2.2.1 Litemal demand 

20 

[00183] For an internal stage, the demand at time t equals the order 
placed by its immediate successor. Since each stage orders according to a 
base stock poUcy, the demand at internal stage i is denoted as di(t) and given 
by: 

25 di(t) = *ijdj(t) 

where (j)ij denotes the number of units of stage's i's product necessary to 

produce one unit of stage j's product. 

[00184] It is assumed that the demand at each internal node of the 
supply chain is also stationary and bounded. The average demand rate for 
30 component i is: 
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[00185] It is also assumed that demand for the component i is 

bounded by the function Di(T), for x = 1, 2, 3, ... Mf, where Mj is the 

5 maximum possible replenishment time for the item. For the assembly case, 
the demand bound at stage i is derived from the demand bound at its 
downstream adjacent stage j. 



[00187] Since each stage in a serial line has only one downstream 
customer, Sj still represents the service time that stage i quotes to its 

downstream customer. However, the possibihty of multiple upstream adjacent 
stages requires additional notation to characterize the incoming service time 
15 quoted to a stage. Let SI] denote the maximum incoming service time quoted 

to stage i. That is, Sli = max { Sh } for all h such that (h,i) € A. This assumes 

that stage i must wait until all of its raw materials arrive before it can begin its 
processing function. 

20 [00188] 2.2.3 Computation of maximum time at stage i 

[00189] Because of the added complexity of the three network 
structures (assembly, distribution, and spanning-tree) compared to the serial 
structure, the calculation of the maximum time at stage i, Tj, is more complex. 

25 The maximum time at stage i is the maximum of the maximum time of all 
stages that directly feed into i plus the time of the selected option at stage i. 



[00186] 2.2.2 Guaranteed service times 



10 
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These can be calculated from i=l up to i=N. That is, in general, the maximum 
time (i.e., second cost) at stage i is the maximum second cost of the stages that 
directly feed into a given stage plus the second cost associated with a 
corresponding option. 



[00190] 2.3 Solution Procedure 

[00191] 2.3.1 Dynamic programming formulation 

[00192] Generally, as in the serial line formulation discussed above, 
10 the state variables for the assembly network formulation are service second 
cost, maximum second cost, and cumulative furst cost. Where the first cost 
and second cost are a monetary amount (i.e., direct cost) and an amoimt of 
time (i.e., lead-time), these state variables are designated as service time, 
maximimi time, and cumulative cost. However, the assembly case is 
1 5 complicated by the fact that different configurations at upstream stages can 
produce the identical {cumulative cost, maximum time} pairing at the 
downstream stage. Since these different configurations will have different 
supply chain costs (i.e., total costs), there is needed a way to efficiently 
enumerate and evaluate these configurations in order to determine the optimal 
20 cost-to-go for the downstream stage. Therefore, before the dynamic 

programming algorithm can be presented, a new data structure must first be 
created. 

[00193] 2.3.1.1 Incoming {cumulative cost, maximum time} 
25 combinations 

[00194] The new data structure will be developed for a supply chain 
and for where the first cost and second cost for the corresponding options are a 
monetary amount (i.e., direct cost) and an amoimt of time (i.e., lead-time). 
30 However, it will be understood to those skilled in the art that the development 
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below is applicable for any network of interconnected stages and for any 
option data. 

[00195] Let Clj denote the incoming cumulative cost to stage i. This 

is equal to the cumulative cost at stage i, Cj, minus the stage's direct cost 

5 added, Cjj. Let xlj denote the incoming maximum time to stage i. This is 

equal to the maximum time at stage i, Xi, minus the stage's direct cost added, 

Tjj. For the assembly network case, we need a data structure that allocates 

{Cli y xlj} across the stages in B(i). In the serial network case, the allocation is 

immediate: Cli = Ci_i and xli = Ti_i since B(i) = {i-1}. hi the assembly 
1 0 network case, however, a combination at stage i is defined as a set comprising 
|B(i)| elements, each element corresponding to a feasible cumulative cost for 
one of the stages in B(i). Combining the elements of the combination will 

equal the pairing {CIi,Ti}. 

[00196] Let Qi(CI,T) denote the set of combinations where the 
1 5 summation of each combination equals CI and the greatest maximum time 
among each of the combinations equals tL For a combination q g Qi(CI,T), 

define Vqh as the cumulative cost at stage h associated with combination q and 

Wqh as the maximum time at stage h associated with combination q. That is, 

VqheXhandWqh€^h- 

20 [00197] For example, in the supply chain of Fig. 2 and options of 

Table 2, two combinations produce an incoming cumulative cost of $65 at 
stage 5. The configurations are {$45, $20} and {$50, $15} where the first 
term of each combination is the cumulative cost at stage 3 and the second term 
is the cumulative cost at stage 4. In the notation above: B(5) = {3, 4}; 
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!Q5($65)| = 2; Q5($65) = { {$45, $20}, {$50, $15} }; V13 = {$45}, V14 = 
{$20} and V23 = {$50} , V24 ^ {$15}. 

[00198] 2.3.1.2 Forward recursive formulation 

5 

[00199] The dynamic program is a forward recursion, starting at stage 
1 and proceeding to stage N. For each stage, the dynamic program evaluates a 
functional equation denoted by fi(C, t, S). The function fi(C, x, S) is defined 
as the minimum supply chain cost for the in-tree rooted at node i given that 
10 stage i has a {crmiulative cost, maximum time} pairing of {C, x} and quotes a 
service time of S. 

[00200] To develop the functional equation, the supply chain cost for 
stage i as a function of the maximum service time quoted to stage i (SI), plus 
stage i's service time (S), cumulative cost (C), maximum time (x), and option 
1 5 selected (Oij) is first defined in Equation (1 8) below as: 



gy (Sl,C,x,S) - aC[Di (S! + Tjj - S) - (si + lij - S) ] + j^C jaTjj^^ 

(18) 

[00201] Note that Equation (1 8) is exactly the same as Equation (1 5). 
20 It is only included here for completeness. 

[00202] The next step is to characterize the minimum total supply 
chain cost for each of the sub-networks that are upstream of stage i. That is, 
the total cost-to-go for each subnetwork Nh, where h e B(i), is to be 
calculated. Let FIi(CI,xI,SI) denote the minimum total upstream cost-to-go 
25 given that the {incoming cumulative cost, incoming maximum time} pairing 
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to stage i is {CI,i;I} and the maximum incoming service time to stage i is SI. 
FIi(CI,tI,Sr) is defined below as: 

Fli(CI,xl,Sl)= min ] ^ 1h(vqh.Wqh.Sl)i (19) 
qeQ,(Cl,T) ^^^B(j) 

[00203] Equation (19) finds the minimum total supply chain cost for 
the in-trees rooted at stage i's upstream adjacent stages. For a given 
combination q, the fimction loops over all of the upstream adjacent stages and 
returns the minimum cost-to-go for each stage given the maximum service 
time it can quote and its allocated portion of stage i's incoming cumulative 
cost. The summation of these |B(i)| terms equals the cost of the combination 
quoting a maximum service time of SI. To find the minimxun total supply 
chain cost, all upstieam combinations belonging to the set QiCCI.xI) must be 
minimized. 

[00204] The minunum cost-to-go at stage i, given that stage i utilizes 

option Ojj, will now be defmed. Let fij(C, x, S) denote tiiis option-specific 

optimal cost-to-go fimction. It is defined below as: 

ijj (C,t,S) = minjgjj (SI.C,t,S) + Fl, (c -qj.x - flj.Sl)} (20) 
SI 

[00205] The first term represents the supply chain costs incurred at 
stage i and is defined in Equation (18), The second term, defined in Equation 
(19), represents the minimum total supply chain cost for the subgraph that is 
upstream adjacent to stage i. Since the {cumulative cost, maximum time} 
pairing at stage i is {C,x}, this subgraph's cumulative cost must equal C - Cy 

and its maximixm time must equal t - Ty. 

[00206] We can now use Equation (20) to develop the functional 
equation for fi(C, t, S): 
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fi(C,T,S) = min{fij(C,T,S)} (21) 

where the minimization is over the available options at stage i. The 
minimization can be done by enumeration, as is generally known in the art. 

[00207] The functional equation is evaluated for all {cumulative cost, 
5 maximxim time, service time} states that are feasible at stage i. Thus, for each 

C G Xj and x e Wi, we solve for S = 0, 1, . . Mj. In the assembly network, 

distribution network, and spanning-tree network formulations, Mj, the 
maximum replenishment time at stage i, is calculated by the recursion: 

Mi = max (Mh)+ max (Ti;)- 
h€B(i) l<j<Oi ^ 

1 0 [00208] To find the optimal solution, it is first noted that the service 

time at stage N can not exceed s;^. Therefore, for each feasible cumulative 

cost C and maximum time t at stage N, fN(C, t, s^) can be evaluated and the 

option with the minimum cost chosen. By backtracking through the network, 
as is generally known in the art, the optimal option and service time at each 
1 5 stage can be produced. 

[00209] The fi-amework for finding the optimal supply chain for an 
assembly network, as formulated and solved above, now provides building 
blocks for finding the optimal supply chain for a distribution network supply 
chain, described below. 

20 

[00210] 3.0 Distribution Network Formulation 
[00211] 3.1 Network Representation 

[00212] The interconnected stages can be modeled as a distribution 
25 network. The distribution network may be a supply chain. A supply chain 
that can be modeled as a distribution network is one in which each stage can 
have only one supplier and one or more customers. A distribution network 
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supply chain, designated as reference numeral 40, is shown schematically in 
Fig. 3. In network terms, a distribution network is a graph where each stage 
can have multiple outgoing arcs but only one incoming arc. By assumption, 
the stages (or nodes) are topologically ordered. That is, for every arc (i,j) € A, 
i < j. By construction, this implies that the raw material stage (or node) will be 
labeled node 1 (42). 

[00213] Let D(i) denote the set of stages that are forward adjacent to 
stage i; D(i)={k:(i,k)eA}. The cardinaUty of D(i), denoted |D(i)|, equals the 
number of stages directly served by stage i. 

[00214] For each node i we define Ni to be the subset of nodes {i, i+1, 
... N} that are connected to i on the sub-graph consisting of nodes {i, i+1, ... 
N} . We will use Ni to explain the dynamic programming recursion. We can 

determine Ni by the following Equation: 

Ni={i}+ LJNk' 
keD(i) 

[00215] An example of the options at each stage of the supply chain 
of Fig. 3 are shown in Table 3 below. 



Table 3 



Stage 


Option 


Description 


Direct Cost 


Lead-time 


1 


1 


Low Volume Equipment 


$10 


30 days 


1 


2 


High Volume Equipment 


$15 


15 days 


2 


1 


3rd Party Carrier 


$3 


5 


2 


2 


Premium Carrier 


$6 


2 


3 - 


1 


Shipment by Boat 


$5 


30 days 


3 


2 


Shipment by Air 


$25 


3 days 


4 


1 


3rd Party Carrier 


$6 


10 days 


4 


2 


Premium Carrier 


$12 


3 days 


5 


1 


3rd Party Canier 


$6 


10 days 


5 


2 


Premium Carrier 


$12 


3 days 



[00216] Figure 3 represents an example of a supply chain 40 for a 
product's distribution system. Stage 2 (44) represents distribution of the 
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product domestically, and stage 3 (46) represents exportation of the product. 
As seen in Fig. 3, for the domestic market, there are two classes of customers, 
class A, which is represented at stage 4 (48), and class B, which is represented 
at stage 5 (50), respectively. All of the stages have two sourcing options, 
5 shown in Table 3, which include, for example, premium and basic 

transportation vendors. As indicated by the circles and triangles at the stages, 
each stage may hold safety-stock and each stage may further process the 
product, respectfully. 

[00217] For the supply chain shown in Fig. 3, Nj is {3} for i=3 and 

10 {2,4,5} fori-2. 

[00218] It will be understood to those skilled in the art that the 
example options in Table 3 and the description of functions at each stage of 
Fig. 3 are not intended to be limiting, but are rather intended to merely 
15 illustrate the possible options and functions at each stage that could be 

encountered by a manufacturer in such the supply chain. Further, although 
only two options are depicted at each stage, any number of options may be 
available. 

20 [00219] 3.2 Additional Stage Assumptions 

[00220] The assumptions and notation adopted for the serial network 
are equally valid for distribution networks. However, the demand process and 
the impact on service times must be clarified. 

25 

[00221] 3.2.1 Demand assumptions 
[00222] 3.2.1.1 External demand 
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[00223] It is assumed that the demand process for each end item 
behaves in the same manner as the demand process for the single end item in 
the serial case. It is also assumed that the service time for each external node 
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is bounded. For each stage i that is an external stage, let sf denote the 
maximum service time the stage can quote. 

[00224] 3.2.1.2 Internal demand 

5 

[00225] An internal stage is one with internal customers or 
successors. For an internal stage, the demand at time t is the sum of the orders 
placed by the immediate successors. Since each stage orders according to a 
base-stock policy, the demand at internal stage i is given by: 

10 di(t) = X*ij dj(t) 

(ij) 

where A is the arc set for the network representation of the supply chain. 

[00226] We assume that the demand at each internal node of the 
supply chain is stationary and bounded. The average demand rate for 
component i is: 
15 [ii = 2^<t)ij i^j. 

[00227] It is assumed that demand for the component i is bounded by 

the function Di(T), for t = 1, 2, 3, ... Mi, where Mi is the maximum 

replenishment time for the item. This bound may be a given input or it may be 
derived from the demand bounds for the downstream, or customer, stages for 
20 stage i, as generally knovra in the art. (See Graves and Willems (1998)). 

[00228] 3.2.2.1 Service times 
[00229] 3.2.2.2 Internal service times 

25 [00230] An internal stage i quotes and guarantees a service time Sij 

for each downstream stage j, (i, j) g A, 
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[00231] For the initial development of the model, it is assumed that 
stage i quotes the same service time to all of its downstream customers; that is, 

we assume that = S{ for each downstream stage j, (i, j) e A. A method to 

extend the model to permit customer-specific service times is generally known 
5 in the art. (See Graves and Willems (1998)). In brief, if there is more than 
one downstream customer, zero-cost, zero production lead-time dummy nodes 
can be inserted between a stage and its customers to enable the stage to quote 
different service times to each of its customers. The stage quotes the same 
service time to the dimimy nodes and each dummy node is free to quote any 

10 valid service time to its customer stage. 

[00232] The service times for both the end items and the intemal 
stages are decision variables for the optimization model. However, as a model 
input, bounds on the service times for each stage may be imposed. In 
particular, it is assumed that for each end item a maximum service time is 

1 5 given as an input. 

[00233] 3.3 Solution Procedure 

[00234] 3.3.1 Dynamic programming formulation 

20 [00235] The state variables for the distribution network formulation 

are service second cost, maximum second cost, and cumulative first cost. 
Where the first cost and second cost are a monetary amount (i.e., direct cost) 
and an amount of time (i.e., lead-time), these state variables may be designated 
as service time, maximxmi time, and cumulative cost, respectively. However, 

25 in contrast to the serial and assembly network cases, the service time state 
variable refers to the incoming service time quoted to the stage. That is, the 
incoming service time is the time (i.e., second cost) that a preceding stage 
quotes fulfillment to a given stage. Thus, an outgoing service time is the time 
(i.e., second cost) of an option that a given stage quotes fulfillment to a 

30 successive stage. Also, in contrast to the serial and assembly network cases. 
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the {cumulative cost, maximum time} pairing refers to the incoming 
cumulative cost and incoming maximum time to the stage. 

[00236] Although the Qi(C,T) data structure is developed for the 

assembly network case, it is not necessary for distribution networks. Since 
5 each stage only has one upstream supplier, the option selected at the current 
stage uniquely determines the incoming cimiulative cost to the stage. 

[00237] 3.3.1 Recursive formulation 

1 0 [00238] In contrast to the previous two sections, in the distribution 

network the algorithm proceeds from the leaves of the network and works 
back towards the node with no incoming arcs. For each stage, the dynamic 
program evaluates a total cost function. The total cost functional equation is 

denoted by Fi(CI, tI, SI). The function Fi(CI, xl, SI) is defined as the 

15 minimxmi supply chain cost for the out-tree rooted at node i given that stage i's 
incoming cxmiulative cost is CI, maximum incoming time is tI, and stage i is 
quoted a service time of SI. 

[00239] To develop the functional equation, the supply chain cost for 
stage i as a function of the maximum service time quoted to stage i, plus stage 

20 i's service time, cumulative cost and option selected is first defined, as: 

gjj {SI,C,x,S) = aC[Dj (si + Tij - S) - (si + Tij - S) + j^C - j^^^^^ 

(22) 

Note that Equation (22) is exactly the same as Equations (15) and (18). It is 
25 only included here for completeness. 

[00240] The next step is to define the minimum supply chain cost for 

the out-tree rooted at stage i given that stage i utilizes option Oij. Let Fij(C, x, 

S) denote this option-specific optimal cost-to-go function, defined below as: 
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Fij(CUI,Sl) = m!njgjj(si,C! + Cij,tI + Tij,s)+ ^ FT^(ci + Cij,Tl + T]j,s) 



(23) 



The first term represents the supply chain costs incurred at stage i and is 
defined in Equation (22). The second term represents the minimum total 
supply chain cost for the subgraph that is downstream adjacent to stage i. 

5 Since the cumulative cost at stage i is CI + cy and its maximum time is tI + Tij 

the incoming cumulative cost to each of these downstream customers must 

equal CI + Cy and the incoming maximum time must equal tI + Ty, 

[00241] There are two conditions on Equation (23). First, if stage i is 
an internal stage then the service time (S) must be nonnegative and it must not 

10 exceed the incoming service time (SI) plus the option's production time (Ty). 

This condition prevents the net replenishment time from becoming negative. 
If stage i is an external stage, then the upper bound on S is the minimum of SI 

+ Ty and sj. Second, the {incoming cumulative cost, incoming maximum 

time} pairing {CI , xl} must be a feasible incoming pairing at stage i. That is, 

15 CleXIiandxlG^Ii. 

[00242] Equation (23) is now used to develop the functional equation 

forFi(CI, Tl, SI): 

Fi (CUI,SI) = min{F,j (CI,xl,Sl)} (24) 

20 where the minimization is over the available options at stage i. The 
minimization can be done by enumeration, as is known in the art. 

[00243] The functional equation is evaluated for all {incoming 
cumulative cost, incoming maximum time, incoming service time} states that 

are feasible at stage i. Thus, for each CI e Xlf and x e ^j, we solve for S = 0, 
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1, . . Mi - min (Tij) for 1 < j < Oi. Mj, the maximiim replenishment time at 
stage U is calculated by the recursion: 



5 {incoming cumulative cost, incoming maximum time, incoming service time} 
state at stage 1 ; by construction this state is {$0, 0, 0} . Therefore, to find the 

optimal solution the algorithm just picks the option associated with Fi(0, 0, 0) 

and progress through the network to produce the optimal option and service 
time at each stage. 

10 [00245] The framework for finding the optimal supply chain for 

distribution network, as formulated and solved above, now provides building 
blocks for finding the optimal supply chain for a spanning tree network, 
described below. 

15 [00246] 4.0 Spanning Tree Network 

[00247] 4.1 Network Representation 

[00248] A spanning tree network, generally indicated as reference 
numeral 54, is shown schematically in Fig. 4. A spanning tree network is a 

20 network of interconnected stages that contains N nodes and N-1 arcs. 
Assembly networks and distribution network are both special cases of 
spanning trees. Spanning trees allow the flexibility to capture numerous kinds 
of real world systems, including real world supply chains. Spanning trees can, 
for example, model supply chain networks where a common component goes 

25 into different final assemblies that each have different distribution channels. 
For example. Fig. 4 illustrates an example of a supply chain with the various 
functions of the each stage labeled thereon. The premium product, indicated 
at stage 9 (54) is delivered to specialty retailers at stage 5 (56), while the 
standard product, indicated at stage 10 (58), is delivered to superstores at stage 




[00244] To find the optimal solution, note that there is only one 
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6 (60) and wholesalers at stage 7 (62). The common component is the circuit 
board, indicated at stage 8 (64), which is fed into both stages 9 (54) and 10 
(58). Stages 1 (66) and 2 (68) represent the procurement of a controller and a 
motherboard, respectively, of the computer product. Stages 3 (70) and 4 (70) 
5 represent premium and standard assemblies, respectively, that are not common 
to the premiimi and standard products, respectively. It will be understood to 
those skilled in the art that description of functions at each stage of Fig, 4 is 
not intended to be limiting, but are rather intended to merely illustrate the 
possible functions at each stage that could be encountered in a spanning tree 

1 0 network, and more particularly, in a spanning tree supply chain network. 

[00249] The following discussion for a spanning tree network, 
therefore, presents a generalization of the previous three embodiments (i.e., 
the serial line system, the assembly network, and the distribution network). 
As before, let B(i) denote the set of backwards adjacent nodes and let D(i) 

15 denote the set of forward adjacent nodes. The next step is to label the nodes of 
the spanning tree. 

[00250] 4.1.1 Node Labeling Algorithm for Spanning Tree 

20 [00251] The labeling procedure when an underlying network of the 

interconnected stages is a spanning tree will now be described. To illustrate 
the procedure, reference is made to Figs. 5 and 6, Fig. 5 shows an example of 
a spanning tree, supply chain, network 72 Avith the stages numbered 
sequentially from left to right, from stage 1 to stage 13. 

25 [00252] For a spanning tree, there is not a readily apparent ordering of 

the nodes by which the algorithm would proceed. Therefore, it is desired to 
sequence or nimiber the nodes so that the algorithm is most efficient. The 
algorithm for labeling or re-numbering the nodes is as follows; 
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1 . Start with all nodes in the unlabeled set, U. 
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2. Setk:=l 

3. Find a node i e U such that node i is adjacent to at most 
one other node in U, That is, the degree of node i is 0 or 1 
in the sub-graph with node set U and arc set A defined on 
U. 

4. Remove node i from set U and insert into the labeled set L; 
label node i with index k, 

5. Stop if U is empty; otherwise set k:= k+1 and repeat steps 3 
-4. 

[00253] For a spanning tree, it is easy to show, as is generally known 
in the art, that there will always be an unlabeled node in step 3 that is adjacent 
to at most one other unlabeled node. As a consequence, the algorithm will 
eventually label all of the nodes in N iterations. Indeed, it can be shown that 
each node labeled in the first N-1 steps is adjacent to exactly one other node in 
set U. That is, the nodes with labels 1, 2, ... N-1 each have one adjacent node 
with a higher label; define p(k) to be the node with higher label that is 
adjacent to node k, for k =^ 1, 2, ... N-1. The node with label N obviously has 
no adjacent nodes with larger labels. 

[00254] The above algorithm is thus used to renumber the nodes. For 
instance, the above algorithm was used to re-number the nodes in Fig. 5 to 
produce the sub-graph 74 of nodes illustrated in Fig. 6. Note that the labeling 
is not unique as there may be multiple choices for node i in step 3. 

[00255] For each node k we define N^ to be the subset of nodes {1,2, 
... k} that are connected to k on the sub-graph consisting of nodes {1, 2, ... k}. 
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The term Nk is used to explain the dynamic programming recursion. is 
determined by the following Equation: 

Nk={k}+ IjNi + IjNj • 

i<k,(i,k)eA j<k,(k,j)eA 

5 [00256] For instance, for the sub-graph 74 in Fig. 6, is {3} for 

k=3, {1,2,3,9} fork=9, {1,2, 3, 4, 5, 9, 11} fork=ll and {6, 7, 8, 10, 12} 
for k=12. Nk can be computed as part of the algorithm for re-numbering the 
nodes. 

[00257] For each node i we define Nf to be the subset of nodes {1,2, 
10 ... i} that are connected to i on the sub-graph consisting of nodes {1, 2, ... i}. 
We will use Nj to explain the dynamic programming recursion. We can 

determine Nf by the following Equation: 

Ni={i}+ IjNk + IjNk • 
{k:kGB(i),k<i} {k:keD(i),k<i} 

15 

[00258] For the spanning tree supply chain shown in Fig. 4, Nj is {1, 
2, 8} for i=8 and {4, 6, 7, 8, 10} for i=10. 

[00259] 4.2 Stage Notation and Assumptions 

20 

[00260] The assumptions and notation adopted for the previous cases 
are still valid for spanning tree networks. No additional assumptions are 
necessary. As with the previous embodiments, the discussion and 
development which follows is directed toward a spanning tree supply chain 
25 network. Furthermore, the first cost and second cost of each option of the 
supply chain are a monetary amount (i.e., direct cost) and an amoimt of time 
(i.e., lead-time). However, it will be understood by those skilled in the art that 
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the discussion below is applicable for any spanning tree network and for any 
first cost and second cost data. 

[00261] 4.3 Solution Procedure 

5 

[002621 As with the previous network topologies, spanning tree 
networks can be solved as a three-state dynamic program. However, in the 
case of a spanning tree, there will be two forms of the functional equation, 
depending on the node's orientation in the network. The fu-st form is fi(C, t, 
10 S), defined as the minimum total costs for the subgraph Ni given that stage i 
has a cumulative cost C, a maximum time of x, and quotes a service time of S. 
The second form is Fi(CI, xl, SI), defined as the minimum total costs for the 
subgraph Ni given that stage i's predecessor's outgoing cumulative cost is C, 
maximum time is t, and quotes stage i a service time of SL The first 
1 5 fimctional equation is a straightforward generaUzation of the functional 
equation for assembly networks. The second functional equation is an 
adaption of the functional equation for distribution networks, where the 
adaption explicitly considers the differences between spanning trees and 
distribution networks. Where the spanning tree network is a supply chain, the 
20 total costs are the supply chain total costs. 

[00263] An important property of the node labeling procedure 
described above is that for each node in the spanning tree, excluding the root 
node, there is exactly one adjacent node that has a higher label. The root node 
is the last node that is labeled by the labeling procedure. This adjacent node 
25 with a higher label is referred to as the parent node, and the parent node to 
node i is denoted p(i). 

[00264] At node i for 1 < i < N-1, the dynamic programming 
algorithm will evaluate the total costs as a function of first state variables or 
second state variables, depending upon the orientation of node i relative to 
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p(i). More specifically, at node i for 1 < i < N-l, the dynamic programming 
algorithm will evaluate either fi(C, t, S) or Fi(CI, tI, SI), depending upon on 
the orientation of node i relative to p(i). If p(i) is downstream of node i, then 
the algorithm evaluates fi(C, t, S), where C, x, S are the first state variables. If 
5 p(i) is upstream of node i, then the algorithm evaluates Fi(CI, tI, SI), where 
CI, xl, SI are the second state variables. For node N, as will be seen, either 
functional equation can be evaluated using the second state variables. 

[00265] 4.4 Forward {cumulative cost, maximimi time} 
10 combinations 

[00266] Before the fimctional equations can be developed, a new data 
structure must be introduced. To some extent, this data structure is an analog 
to the combination data structure that was introduced in above with respect to 

15 incoming {cumulative cost, maximum time} combinations for an assembly 
network (section 2.3.1.1), where a monetary amoimt (i.e., direct cost) and an 
amount of time (i.e., lead-time) are used for the first cost and second cost. In 
summary, the incoming {cumulative cost, maximum time} combination 
addressed the fact that multiple upstream configurations could produce the 

20 same incoming {cumulative cost, maximum time} pairing at the downstream 
stage. 

[00267] In the context of spanning trees, a similar type of situation 
can arise when evaluating a node with downstream adjacent stages. Recall 
that when solving distribution networks, if stage i suppUes stage k then the 
25 incoming cumulative cost at stage k equals the outgoing cumulative cost at 
stage i and the incoming maximum time at stage k equals the outgoing 
maximum time at stage i. By the definition of a distribution network, stage i 
can be the only stage that suppUes stage k, and hence there is a one-to-one 
correspondence between the upstream stage's outgoing {cumulative cost, 
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maximum time} pairing and the downstream stage's incoming {cumulative 
cost, maximum time} pairing. 

[00268] However, in the case of a spanning tree, a downstream stage 
can have more than one suppher. For example, stages i and j can both supply 
5 stage k. Therefore, when solving node i, accounting must be made for the 
following: the incoming {cumulative cost, maximum time} pairing at stage k 
will not equal the outgoing {cumulative cost, maximum time} pairing at stage 
i. In fact, it is quite possible that multiple incoming {cumulative cost, 
maximum time} pairings at stage k can be associated with each outgoing 
10 {cumulative cost, maximum time} pairing at stage i. 

[00269] Let Rik(C,T) denote the set of incoming {cumulative cost, 
maximum time} pairings at stage k that are feasible if stage i's outgoing 
{cumulative cost, maximum time} pairing is {C,x}. Rik(C,T) is defined for 

each k e D(i) and C e Xi , x g 

15 [00270] To relate the forward {cumulative cost, maximum time} 

combination to the incoming {cumulative cost, maximum time} combination, 
it is noted that {CI,tI} e Rik(C,T) imphes there exists a q g Qk(CI,Tl) such 
that Vqi equals C and Wqi equals x. Whereas the incoming {cumulative cost, 
maximum time} combination acts to tie all of a stage's upstream adjacent 

20 stages together, the forward {cumulative cost, maximum time} combination 
individually relates a stage to its downstream adjacent customers. This 
difference is due to the fact that when solving a stage involves evaluating a 
forward adjacent stage, all of the stages adjacent to the forward stage, besides 
the current stage, have already been solved. By definition of the solution 

25 procedure, a forward adjacent stage will only be evaluated if it has already 
been solved. And when a node is solved, it can have at most one adjacent 
node unsolved. Therefore, there is nothing besides the current stage being 
solved that relates the forward stages to one another. 
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[00271] 4.3.1 Redefinition of Incoming {cvimulative cost, maximum 
time} combinations 

5 

[00272] In the assembly network fomiulation, Qi(CI,x) denotes the set 
of combinations where the summation of each combination equals CI and the 
greatest maximum time among each of the combinations equals tL For 
spanning trees, we have to modify the definition of Qi(CI,T). In particular, 

1 0 Qi(CI,T) will only include nodes that have a label lower than stage i. This 
means that Qi(CI,T) can not contain stage i's predecessor stage. If stage i's 
predecessor is downstream of stage i, then all of stages upstream adjacent of 
stage i have already been solved and they are all included in Qi(CI,T). 
However, if stage i's predecessor is upstream of stage i, this stage is excluded 

1 5 from all calculations of Qi(CI,x). hi fact, this stage will have its own version 
of Qi(CI,T) which is denoted Pi(CI,T). If stage i's predecessor is upstream, 
then Pi(CI,T) translates all of the possible outgoing {cumulative cost, 
maximum time} pairings from the predecessor into incoming {cumulative 
cost, maximum time} pairings at stage i. One skilled in the art will recognize 

20 that this transformation is immediate since the predecessor stage is the only 

stage that comprises Pi(CI,T). 

[00273] In summary, for spanning trees we have to partition the 
original Qi(CI,T) into two sets. The new Qi(CI,T) is defined as before with the 
exception that the predecessor's information is excluded if it is upstream of 
25 stage i; note that if the predecessor is downstream of stage i, it would not be 
included in the original definition of Qi(CI,x). If the predecessor is upstream 
of stage i, then its {cumulative cost, maximum time} pairings are defined in 
Pi(CI,T). If the predecessor is downstream of stage i, then Pi(CI,T) is empty. 
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[00274] 4.3 .2 Functional Equation development 

[00275] The total costs (i.e., the total supply chain costs) for the 
subgraph rooted at stage i as a function of the first state variables, where the 
first state variables are stage i's incoming service time (SI), outgoing 
ctimulative cost (C), outgoing maximum time (x), outgoing service time (S), 
and option selected (Oy), is first be determined, as follows: 



Zjj (S1,C.T,S) = gy (S1,C,T,S) + ^^Q^jn ^ ^ 



2 fh(vqh.Wqh.Sl) 
{h:heB(i).h<i} J (25) 



H Y min {f^(CI,tI.S)} 

{k:k.DO),k<i} {Ci,xl}^R,K(C..)^ 



The first term is the supply chain cost at stage i and has previously been 
discussed with respect to series line systems; it is Equation (15). 

[00276] The second term corresponds to the nodes in Ni that are 
upstream of i. The second term consists of the minimimi supply chain cost for 
1 5 the configuration upstream of stage i, as a function of the configuration' s 
cumulative cost, maximum time, and service time. The cumulative cost for 
the configuration is equal to the outgoing cumulative cost at stage i minus 
stage i's direct cost added, and also excludes the cost added by the predecessor 
stage if that stage is upstream of stage I (i.e., if Pi(CI, t) is non-empty). The 
20 configuration's maximum time is less than or equal to the maximum time at 
stage i minus stage i's production time. The incoming service time to stage i 
(SI) is the maximum service time that is being quoted to stage i. Therefore, SI 
is an upper bound on the service time that each of the upstream stages can 
quote. It can be shoves that fh(C, x, SI), the supply chain costs for the 
25 subgraph with node set Nh, is non-increasing in the outgoing service time to 
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node i, and thus, the outgoing service time at h can be equated to the incoming 
service time at i without loss of generaUty. 

[00277] The third term corresponds to the nodes in Nf that are 

downstream of node i. For each node k that is a customer to node i, we 
5 include the minimum supply chain cost at stage k as a function of stage i's 
contribution to the cumulative cost and maximum time at stage k and the 
service time i quotes k. The argument S represents the outbound service time 
for node k, and thus a lower bound for the inbound service time for node k. It 
can be shown that Fk(CI,Tl,S), the supply chain costs for the subgraph with 

10 node set Nk, is non-decreasing in the incoming service time to node k, and 
thus, the incoming service time at k can be equated to the outgoing service 
time at i without loss of generality. 

[00278] The minimum supply chain cost for the subgraph with node 

set Ni is now used to develop the functional equation for fi(C, x, S): 



where the minimization is over the feasible set of options and incoming 
service times. As in the case of Equation (15), the incoming service time is 
bounded by max (0, S - Ty) < SI < Mf - Ty and SI integer. This minimization 
can be done by enumeration, as is generally known in the art. 



outgoing service times and feasible {cumulative cost, maximum time, service 
time} states for node i. That is, for S = 0, 1, . . Mj and C € Xi and t e Tj. 

[00280] The functional equation for Fi(CI,Tl,SI) is of a similar 
structure: 



15 



fi(C,T,S) = min{zij(SI.C,T,S)} 



20 



[00279] The functional equation is evaluated for all possible integer 



25 
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The mimmization is over the feasible set of options and outgoing service 
times. If i is an internal stage, then the feasible set is 1 < j < Oj and S = 0, 1, 

. . ., Mi- If i is an external stage, then S = 0, 1 , . . ., Mj. 

[00281] The flmctional equation is evaluated for all possible integer 
5 incoming service times and feasible incoming {cumulative costs, maximum 



time} for node i. That is, for CI e Xli , xl e ^li, and SI = 0, 1, . . ., Mj - min 
{Tij}forO<j<Oi. 

[00282] 4.3.3 Dynamic programming algorithm 
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[00283] The dynamic programming algorithm is now as follows: 



1. 



For i := 1 to N-1 



15 



2. 



If p(i) is downstream of i, evaluate fi(C,T,S) for S = 



0, 1, ... Mi and C e Xi and x e ^i- 



3. 



If p(i) is upstream of i, evaluate Fi(SI,Tl,CI) for SI = 



0, 1, ... Mi - min{Tij} and CI e Xli and xl e Tlf. 



20 



4. 



For i := N evaluate Fi(SI,xI,CI) for SI = 0, 1, ... Mi 



- min{Tij} and CI e Xli and xl e Tli. 



5. 



Minimize Fn(SI, tI,CI) for SI = 0, 1 , . . . M^ - 



25 



min{TNj} and CI e XIn and xl e *FIi.to obtain the 
optimal objective function value. 
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This procedure finds the optimal objective function value; to find an optimal 
set of options and service times entails the standard backtracking procedure 
for a dynamic program, as is generally known in the art. 

[00284] The above method for determining, based upon the at least 
5 one data set for each option received, an optimum series of options over a 
series of the stages by selecting a single option at each stage in the series of 
the stages that minimizes the sum of total costs over the series of the stages, 
wherein the total costs is a function of the data sets, are further summarized 
using a flowchart illustrated in Figs. 7a ~ 7d. In an embodiment, a method of 
10 the present invention as shown in Figs. 7a - 7d may be implemented using a 
computer system such as, for example, computer system 200 as set forth 
herein and configured to perform the processing steps as specified in Figs. 7a 
-7d. 

[00285] At B2, the network of interconnected stages are defined. The 
1 5 interconnected stages may be defined using a graphical user interface, which is 
discussed in detail below in Section 6.0. The series of stages used in the 
optimization may include all of the stages defined, or may include a single 
stage. 

[00286] With the interconnected stages defined, B4 receives at least 
20 one data set for each of a plurality of interconnected stages, each of the at least 
one data set corresponding to an option at the corresponding stage. Each data 
set includes a first cost and a second cost. The at least one data set may 
include a plurality of data sets. 

[00287] At B6, the series of stages of the system are transformed into 
25 a subgraph of numbered nodes such that each node corresponds to a stage and 
each node, except a last node, has only one adjacent node to it that has a 
higher node number, said one adjacent node having said higher node number 
being a parent node, the first node of said subgraph being node i = 1, the last 
node being node i = N, each node, except the last node, having a 
3 0 corresponding parent node. 
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[00288] Proceeding in sequential order from node=i to node=N-l, a 
determination (at B9) of whether the corresponding parent node for node i is 
downstream or upstream of node i is made at B8, or if node i is the last node 
(at B7), node N. When the corresponding parent node for node i is 
5 downstream thereof. Equation 25 (the total costs) is evaluated as a function of 
the first state variables at BIO. At B12, the first term of Equation 25 as a 
function of the first state variables is evaluated. More specifically, the 
summation of the total costs contributed by node i as a function of first state 
variables is determined at B12, thus defining first node i costs. As discussed 
10 above, the first state variables are a function of the first cost and the second 
cost over the nodes. 

[00289] At B14, the second term of Equation 25 as a function of the 
first state variables is evaluated. More specifically, the summation of the total 
costs for the remainder of the system that is upstream of node i as a function of 
1 5 the first state variables are minimized, defining fu-st upstream node i costs. 

[00290] At B16, the third term of Equation 25 as a function of the first 
state variables is evaluated. More specifically, the summation of total costs of 
the nodes that are downstream and adjacent of node i as a function of the first 
state variables are minimized, defining fu-st downstream node i costs. 
20 [00291] At B 1 8, the first node i costs, first upstream node i costs, and 

first downstream node i costs determined in B12, B14, and B16, respectively, 
are summed to define first minimum total costs for the subgraph rooted at 
node i. It will be understood to those in the art that the order in which B12, 
B14, and B16 are carried out is immaterial. 
25 [00292] At B20, the first minimum total costs for the subgraph rooted 

at node i are minimized over each option and over a first parameter. The first 
parameter is one of the first state variables. More specifically, the first 
parameter is the incoming service second cost. Where the second cost is an 
amount of time, the incoming service second cost is an incoming service time. 
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[00293] When the corresponding parent node for node i is upstream 
thereof. Equation 25 (the total costs) is evaluated as a function of the first state 
variables at B22. At B24, the first term of Equation 25 is evaluated as a 
function of the second state variables. More specifically, the summation the 
5 total costs contributed by node i as a function of the plurality of second state 
variables are minimized, defining second node i costs. The second state 
variables are a function of the first state variables. 

[00294] At B26, the second term of Equation 25 is evaluated as a 
function of the second state variables. More specifically, the summation of 
10 said total costs for the remainder of the system that is upstream of node i as a 
function of the plurality of second state variables are minimized, defining 
second upstream node i costs. 

[00295] At B28, the third term ofEquation 25 is evaluated as a 
function of the second state variables. More specifically, the summation of the 
15 total costs for the nodes that are downstream and adjacent of node i as a 
function of the plurality of second state variable are minimized^ defining 
second downstream node i costs. 

[00296] At B30, the second node i costs, second upstream node i 
costs, and second downstream node i costs determined at B24, B26, and B28, 
20 respectively are summed, defining a second minimimi total costs for the 
subgraph rooted at node i. It will be understood to those in the art that the 
order in which B24, B26, and B28 are carried out is immaterial. 

[00297] At B32, the second minimum total costs for the subgraph 
rooted at node i are minimized over each option and over a second parameter, 
25 the second parameter being one of the second state variables. The second 

variable may be an outgoing second cost. Where the second cost is an amount 
of time (i.e., lead-time), the outgoing service second cost is an outgoing 
service time. 

[00298] For the last node, when node i=N, Equation 25 is evaluated 
30 as a function of the second state variables at B34. At B36, the first term of 
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Equation 25 is evaluated as a function of the second state variables. More 
specifically, the summation the total costs contributed by node N as a function 
of the plurality of second state variables are minimized, defining node N costs. 

[00299] At B38, the second term of Equation 25 is evaluated as a 
5 function of the second state variables. More specifically, the siumnation of the 
total costs for the remainder of the system that is upstream of node N as a 
function of the plurality of second state variables are minimized, defining 
upstream node N costs, 

[00300] At B40, the third term of Equation 25 is evaluated as a 
1 0 function of the second state variables. More specifically, the summation of the 
total costs for the nodes that are downstream and adjacent of node N as a 
function of the plurality of second state variable are minimized, defining 
downstream node N costs. 

[00301] At B42, the node N costs, upstream node N costs, and 
1 5 downstream node N costs determined at B36, B38, and B40, respectively, are 
summed, defining a third minimum total costs for the subgraph rooted at node 
N. It will be imderstood to those in the art that the order in which B36, B38, 
and B40 are carried out is immaterial. 

[00302] At B44, the third minimum total costs for the subgraph rooted 
20 at node N are minimized over each option and over the second parameter. 

[00303] At B46, the option at each node that minimizes the sum of the 
total costs for the subgraph rooted at each node over the nodes is determined. 
This determination may be performed by a normal backtracking procedure, as 
is known in the art. Therefore, at B46, the optimum series of options that 
25 minimizes the sum of the total costs is defined. 

[00304] The above method is applicable for any network of 
interconnected stages in which total costs are to be optimized as a function of 
multi-variable inputs (i.e., at least a first cost and a second cost). Generally, 
the total costs may be the summation of quantifiable characteristics, which are 
30 a function of the multi-variable inputs. Where the interconnected stages is a 
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supply chain, each of the stages represents an operation to be performed, the 
first cost may be a monetary amount associated with performing the operation, 
the second cost may be an amount of time associated with performing the 
operation, and the summation of quantifiable characteristics (i.e., total costs) 
5 may include at least one of a manufacturing costs, inventory costs, and time- 
to-market costs, as discussed above. The inventory costs may include safety- 
stock costs and pipeline stock costs. 

[00305] 5.0 Supply chain example 

10 

[00306] The following discussion presents a real world example for 
the supply chain configuration problem. In the following example, time-to- 
market costs are not considered. First, a company's current (hereinafter "the 
company") supply chain design process is presented. Then, a realistic 
1 5 example and the associated analysis is presented. Lastly, some general results 
and conclusions fi*om this work is presented. The example which follows is 
not intended to be limiting, but is provided only to illustrate the methodology 
of the present invention. 

20 [00307] 5.1 Current process description 

[00308] A company currently employs a "target costing" approach 
when designing new product supply chains. A target costing approach is 
generally known in the art, and thus will not be described in significant detail. 

25 (See Ansari and Bell (1997)). hi brief, the market price for the product is set 
outside of the product design group. Two common reasons for setting the 
price outside the product design group are: 1) when the product faces many 
competitors, implying that the firm will be a price taker, and 2) when another 
department within the company, for example, marketing, specifies the 

30 product's selling price. Next, a gross margin for the product is specified. 
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typically by senior management or corporate finance. The combination of the 
prespecified selling price and the gross margin target dictate the product's 
maximum unit cost. 

[00309] The product design team uses the maximum imit cost as an 
5 upper bound on the product's unit manufacturing cost (UMC). UMCis 
defined as the sum of the direct costs associated with the production of a 
single imit of product. Typical costs include raw material costs, the processing 
cost at each stage, and transportation costs. The UMC acts as an overall 
budget for the product, and this budget is then allocated to each of the 

10 product's subassemblies. 

[00310] From an organizational perspective, the supply chain 
development core team is composed of an e^ly supply chain enabler and one 
or two representatives associated with each of the product's major 
subassemblies. The early supply chain enabler is responsible for shepherding 

15 the product through the product development process. She is brought in 
during the early design phase and will stay with the project until it achieves 
volume production. 

[0031 1] The core team will allocate the UMC across the major 
subassemblies. This is not an arbitrary process. The team will rely on 

20 competitive analysis, past product history, future cost estimates, and value 

engineering when making these decisions. Once the subassembly budgets are 
set, the design teams for each subassembly are charged with producing a 
subassembly that can provide the functionality required subject to the 
subassembly's budget constraint. Even if these groups incorporate 

25 multidisciplinary teams and concurrent engineering, the groups will still be 
operating within their own budget constraints. 

[00312] In much the same way that the UMC is allocated to the 
subassembhes, each subassembly group must then determine what processes 
and components to use. There are numerous factors to consider when 
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souTcing a component, some of which include fiinctionahty, price, vendor 
delivery history, vendor quality and vendor flexibility. 

[00313] Since many of these factors are difficult to quantify, the team 
establishes a minimum threshold for each of the intangible factors. If a 
5 component exceeds each of the thresholds, then it can be considered. In the 
context of the supply chain configuration problem, an option will be defined 
as a {cost added, production lead-time} pairing that satisfies all of the 
company's intangible factors. 

[00314] The company's current practice can be described as choosing 

1 0 the component with the least unit cost among all of the components that can be 
considered. In the fi-amework of the supply chain configuration problem, this 
corresponds to choosing the option with the least cost added at each stage, 
regardless of its production lead time. This practice minimizes the product's 
UMC. While this is admittedly a heuristic, there are several reasons why the 

15 company does this. First, as mentioned earlier, all of the other factors besides 
cost are difficult, if not impossible, to quantify. For example, the company 
only wants to do business with suppliers that have been certified. The 
certification process involves a rigorous review of the supplier's quality 
practices. But given two certified suppliers, there is no mechanism to view 

20 one suppher as superior to the other. Second, the UMC of the product will 

dictate whether or not the business case to launch the product is successfiil. If 
the UMC is not low enough to meet the gross margin target, then the project 
will be terminated. Therefore, there is tremendous pressure to meet the UMC 
target. Finally, the team that designs the supply chain is not the same team 

25 that has to manage the completed supply chain. Although choosing parts with 
long lead-times might increase significantly the supply chain's safety-stock 
requirements, this dynamic has not been explicitly considered during the new 
product's business case analysis. 

30 [00315] 5.2 Digital Capture Device Example 
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[00316] The product that is analyzed in the discussion that follows 
can be described as a digital capture device. The product converts an analog 
input into a digital form. Both scanners and digital cameras satisfy this high- 
5 level description. 

[00317] The product consists of three major subassemblies: the 
imager, the circuit board, and the base assembly. The imager captures the 
analog input. It is the subassembly that distinguishes the product in the 
marketplace. The imager is created in a four-stage process that begins as raw 

10 silicate and ends as a completed charge coupled device (CCD). The circuit 
board converts the analog input into a digital output. To create the circuit 
board, components are purchased from external vendors and assembled in- 
house. The base assembly has two components: the base and an accessory. 
Both components are purchased from an external vendor. The vendor must 

15 first modify the accessory before it can be deUvered to the company. 

[00318] The assembly process for the digital capture device involves 
fitting together the subassemblies and quahty testing. Finally, the product 
supplies two different markets: US demand and export demand. 

[00319] A graphical depiction of the above described supply chain for 

20 is shown in Fig. 9. The imager subassembly consists of the four stages, 

labeled as "raw silicate" 100, "wafer fab" 102, *Svafer packaging and test" 
104, and "CCD Assembly" 106. Raw silicate is fabricated into imagers 
which are then packaged and tested. An imager is then mounted onto a stand 
to form the CCD. The components for the circuit board are grouped into 

25 stages 108, 110, 112 according to their traditional procurement lead times. 

The other stages include "parts on consignment" 114, "accessory processing" 
116, "miscellaneous components" 118, "circuit board assembly" 120, "base 
assembly" 122, and "local accessory inventory" 124. The base assembly and 
accessory processing are depicted in accordance with their previous 

30 descriptions. After the digital capture product is assembled at 126, it then 
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goes through central distribution at 128^ from where it satisfies either US 130 
or export demand 132. 

[00320] Table 4 below contains the options available when sourcing 
the supply chain of Fig. 9. 

Table 4 



Component/Process Description Option Production Time Cost 



Raw Silicate 


1 


60 


$5.00 




2 


20 


$7.50 


Wafer Fab 


1 


30 


$800.00 




2 


8 


$825.00 


Wafer Pkg. and Test 


1 


10 


$200.00 




2 


5 


$225.00 


CCD Assembly 


1 


5 


$200.00 




2 


2 


$250.00 


Miscellaneous Components 


1 


30 


$200.00 


Parts w/ 8 Week LT 


1 


40 


$105.00 




2 


20 


$107.62 




3 


10 


$108.96 




4 


0 


$110.32 


Parts w/ 4 Week LT 


1 


20 


$175.00 




2 


10 


$177.18 




3 


0 


$179.39 


Parts w/ 2 Week LT 


1 


10 


$200.00 




2 


0 


$202.50 


Parts on Consignment 


1 


0 


$225.00 


Circuit Board Assembly 


1 


20 


$225.00 




2 


5 


$300.00 


Base Assembly 


1 


70 


$650.00 




2 


30 


$665.00 


Accessory Processing 


1 


40 


$100.00 


Local Accessory Inv. 


1 


10 


$60.00 


Digital Capture Assembly 


1 


6 


$420.00 


2 


3 


$520.00 


Central Distribution 


1 


5 


$180.00 


US Demand 


1 


5 


$12.00 




2 


1 


$25.00 


Export Demand 


1 


11 


$15.00 




2 


2 


$40.00 



[00321] The company operates on a five day work week and there are 
two hundred fifty days in the year. The annual holding cost rate is thirty 
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percent. The company seeks to minimize the total supply chain configuration 
cost incurred over one year. 

[00322] For each stage, option 1 reflects the option that was 
implemented for the existing supply chain. The additional options were 
5 judged by the materials management group to reflect {cost added, production 
lead-time} pairings that were alternatives to the options selected, 

[00323] For the circuit board's raw materials, the different options 
refer to different classes of service that the vendor is willing to provide. The 
head of materials management for the electronics subassembly estimated that 

10 the cost of converting an eight week lead-time part to a consignment part 
would equal 5% of the part's eight week selling price. We used this 
information to estimate the cost of reducing one week of lead-time for each 
electronic part as 0.625% of the part's selling price. 

[00324] As a rule of thumb, the company valued one hour of 

15 processing time at a stage at $50 per hour. Recall that the definition of 

production time includes the waiting time at a stage plus the actual processing 
time at the stage. Therefore, a slight increase in the processing time at a stage 
can dramatically reduce the stage's production time. For example, by adding 
$25 to the cost of wafer fab, the production time was reduced to eight days. A 

20 similar analysis was performed for wafer packaging and test, CCD assembly, 
and the assembly stages. 

[00325] The two demand stages represent the delivery of product to 
the company's retail stores. The maximum service time for each of the 
demand stages equals zero. That is, they must provide inmiediate service to 

25 external customers. In the case of US demand, the product can either be 
shipped by ground transportation at a cost of twelve dollars and a 
transportation time of five days or it can be shipped by air at a cost of twenty 
five dollars with a one day transportation time. Export demand can be 
satisfied in a similar manner, albeit with different costs and transportation 

30 times. 
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10 



[00326] The current product is an improved version of an existing 
product. Therefore, the company used the previous product's sales as well as 
market forecasts when determining the demand requirements for the supply 
chain. For US demand, the mean daily demand and standard deviation of 
demand were estimated as 15 and 9. For Export demand, the estimates were 4 
and 2, respectively. At each of the demand stages, the demand bound was 
estimated as: 

D j (x) = T|Li + ka Vt 

where x is the net replenishment time, and \i and a refer to the stage's mean 
and standard deviation of demand. The constant k was chosen to equal 1.645, 
The supply chain group felt that this demand bound captured the appropriate 
level of demand that they wanted to configure their system to meet using 
safety-stock. 



15 



[003271 5.3 Minimizing UMC heuristic 



20 



25 



[00328] The minimizing UMC heuristic consists of choosing the 
option with the lowest cost at each stage. For the example in Table 4, this 
corresponds to choosing option 1 for each stage (or function), A summary of 
the costs at the subassembly level is shown below: 



Major Function 


Cost 


% of Total 


Wafer 


$1,205.00 


31.95% 


Base Platform 


$810.00 


21.47% 


CBA 


$930.00 


24.66% 


Misc 


$200.00 


5.30% 


Assembly 


$420.00 


11.13% 


Distribution 


$207.00 


5.49% 


Total 


$3,772.00 





[00329] Given that there is only one option at each stage, the only 
optimization to be done is the optimization of the safety-stock levels across the 
supply chain, because the expected pipeline stock cost and cost of goods sold 
are constant when there is only one option per stage. The optimal service 
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times across the supply chain are shown in Fig. 9. As a point of reference, the 
production times at each stage are shown in Fig. 10. 

[00330] The optimal safety-stock pohcy exhibits a dominant path. 
The dominant path is a serial line that starts at a raw material stage and 
5 stretches to the demand stages. Minimizing the service times along this path 
dictates the service times across the entire supply chain. Stages that are not on 
the dominant path set their service times as high as possible without changing 
the net replenishment times for any stages on the dominant path. In the Min 
UMC supply chain, the dominant path starts at the parts with a one week lead- 
10 time and ends at the distribution stages. Since the distribution stages are each 
linked to the Central Distribution stage, the two external stages share the same 
dominant path. 

[00331] The optimal safety-stock policy is to position several 
decoupling safety-stocks across the supply chain. Figure 1 1 provides a 

1 5 graphical representation of the supply chain's optimal safety-stock policy, 
where a triangle 12 present at a stage signifies holding safety-stock at that 
stage. A circle 14 indicates that the stage performs additional processing. 

[00332] hi the figure, a circle 14 denotes a processing operation and a 
triangle 12 denotes a safety-stock location. Safety-stock is held at both of the 

20 demand stages. Since both of these stages must quote a service time of zero, 
they have to stock inventory. The demand stages are both quoted a service 
time of 31 days. Given these service times, none of the subassemblies have to 
hold safety-stock in a completed form. In fact, the safety-stock policies of the 
subassemblies can best be described as policies that minimize their individual 

25 portions of the supply chain given that they can each quote an outgoing 

service time of 20 days (recall that if they quoted more than 20 days, the net 
replenishment time of downstream stages like Digital Capture Assembly 
would have to change). For the circuit board, this translates into storing a 
safety-stock for each of the raw material stages. For the imager supply chain, 

30 the optimal solution is to hold raw silicate and have wafer fab quote a service 
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time of 5. Finally, stages like the accessory and the base assembly quote 
service times of 20, holding their inventory as far upstream as possible. 

[00333] A svtmmary of the configuration's costs are shown below in 
Table 5 (Cost Summary for Min UMC Heuristic). 



[00334] The safety-stock and pipeline stock costs reflect the 
company's 30% carrying cost. Therefore, the initial investment in safety- 
stock and pipeline stock to create the supply chain equals $3,858,376 (this can 
be seen by dividing the pipeline and safety-stock costs by 0.3). The expected 
demand over the course of one year is 4,750 units; this is found by multiplying 
the expected daily demand (19) by the number of days in the year (250). 
Since a completed unit costs either $3,757 or $3,760, depending on the 
customer region, COGS dominates the total supply chain configuration cost. 

[00335] 5 .4 Minimizing production time heuristic 

[00336] The minimizing production time heuristic chooses the option 
at each stage with the least production time. This corresponds to choosing the 
option with the highest index for each function in Table 4. A summary of the 
costs at the subassembly level is shown below in Table 6. 



Table 5 



SS Cost 
PS Cost 
COGS 
Total 



$178,386 
$979,127 
$17,848,750 
$19,006,263 



Table 6 
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Major Function Cost % of Total 



Wafer 


$1,307.50 


31 .78% 


Base Platform 


$825.00 


20.05% 


CBA 


$1,017.21 


24.72% 


Misc 


$200.00 


4.86% 


Assembly 


$520.00 


12.64% 


Distribution 


$245.00 


5.95% 


Total 


$4,114.71 





[00337] Like the minimum UMC heuristic, the minimum production 
time heuristic leaves only one option at each stage. The optimal service times 

5 across the supply chain are shown in Fig. 12. As a point of reference, the 
production times at each stage are shown in Fig. 13. 

[003381 In the Min production time configuration, the dominant path 
originates at the electronics components and ends at the demand nodes. The 
optimal stocking poHcy is represented graphically in Fig. 14. An intuitive 

1 0 explanation for the optimal stocking policy of Fig. 14 is that the minimum 
production time heuristic causes all of the electronic parts to be held on 
consignment. Therefore, the compressed lead-time of the entire circuit board 
assembly makes it attractive to hold as little inventory as possible between the 
circuit board and the final product; recall that the demand stages must stock 

1 5 inventory due to their service time conmiitments. The other subassembUes 
then locally optimize their own portion of the supply chain subject to the 
constraint that they must quote a service time of 5 or less to Digital Capture 
Assembly. Since each subassembly's maximum replenishment time is more 
than 5 days, they will each quote Digital Capture Assembly exactly 5 days. 

20 The imager supply chain is the only subassembly that requires optimization; 
for all the other stages it is either stock or don't stock. The high cost of the 
Wafer Fabrication makes it optimal to hold as little inventory as possible after 
the fabrication step. 

[00339] A summary of the configuration's costs is shown below in 

25 Table 7 (Cost Summary for Min Production Time Heuristic). 



Table 7 
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SS Cost $ 122,890 
PS Cost $ 465,886 
COGS $ 19,369,873 

5 Total $ 19,958,648 

[00340] The safety-stock and pipeline stock costs are dramatically 
reduced due to the shortened production times across the network. However, 
this comes at a significant cost since the product's UMC increases by nine 
1 0 percent. The initial investment in safety-stock and pipeline stock to create the 
supply chain equals $1 ,962,586 (this can be seen by dividing the pipeline and 
safety-stock costs by 03). The minimimi production time heuristic results in a 
supply chain configuration cost that exceeds the minimum UMC heuristic by 
$950,000. 
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[00341] 5.5 Supply chain configuration optimization 



[00342] The algorithm presented for a spanning tree is now applied to 
the supply chain to the above example. The following options that were 
20 selected at each stage are shown in Table 8 (Options Selected Using 
Optimization Algorithm). 



Table 8 
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Component/Process Description Option Production Time Cost 





1 


60 


$ 5.00 


VVaTer raU 


1 


30 


$ 800.00 


VValci r l\y. allU 1 ool 


"1 


10 


$ 200.00 


Oou ASsenriDiy 


1 


5 


$ 200 00 


iviisceiianeous worn pur it?! uo 




30 


$ 200 00 


Karts w/ o vveeK l i 




10 


$ 108 96 


Karts w/ 4 vveeK l i 


o 


10 


$ 177.18 


Part<? w/ 2 Week LT 


1 


10 


$ 200.00 


Parts on Consignment 


1 


0 


$ 225.00 


Circuit Board Assembly 


1 


20 


$ 225.00 


Base Assembly 


2 


30 


$ 665.00 


Accessory Processing 


1 


40 


$ 100.00 


Local Accessory Inv. 


1 


10 


$ 60.00 


Digital Capture Device Assembly 


1 


6 


$ 420.00 


Central Distribution 


1 


5 


$ 180.00 


US Demand 


2 


1 


$ 25.00 


Export Demand 


2 


2 


$ 40.00 



[00343] In this configuration, the electronic components not held on 
consignment have a common two week procurement lead-time. Also, the base 
5 assembly's lead-time has been shortened to thirty days and the air shipment of 
finished goods is preferred over the longer ground shipment option. 

[00344] A summary of the costs at the subassembly level are shown 
below in Table 9. 

10 Table 9 



Major Function 


Cost 


% of Total 


Wafer 


$1,205.00 


31 .45% 


Base Platform 


$825.00 


21.53% 


Circuit Board 


$936.14 


24.44% 


Misc 


$200.00 


5.22% 


Assembly 


$420.00 


10.96% 


Distribution 


$245.00 


6.39% 


Total 


$3,831.14 





The optimal service times across the supply chain are shown in Fig. 15. As a 
point of reference, the production times at each stage are shown in Fig. 16. 
1 5 The dominant path still originates at the electronics components and ends at 
the demand nodes. The optimal stocking policy is represented graphically in 
Fig. 17. 
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[00345] The optimal policy holds a decoupling inventory at the 
central distribution center. By holding inventory at the Central Distribution 
Center, each of the external stages can hold significantly less inventory (since 
the incoming service time to each of the demand stages equals zero, their net 
5 replenishment time equals their production time). The primary reason this is 
optimal is because the higher shipment costs make it less attractive to hold 
inventory at the external stages. By choosing a one week production time for 
each of the electronics components (besides the consignment stage, which is 
restricted to a zero production time option) and choosing the least production 
10 time base platform option, the optimal solution is one where the upstream 
assemblies are "balanced.'' That is, each subassembly is configured in the 
optimal way to quote a service time of 30 to the Digital Capture Assembly. A 
summary of the configuration's costs is shown below in Table 10 (Cost 
Summary for Optimization Algorithm ). 



The initial investment in safety-stock and pipeline stock to create the supply 
chain equals $2,827,837. This configuration increases the UMC by 1.6% over 

25 the min UMC heuristic but decreases the total configuration cost by $135,000. 
This represents a per xmit savings of $28.42. 

[00346] To help put this cost savings into perspective, the following 
chart sunmiarizes the costs for the Min UMC configuration when each stage 
holds safety-stock (this situation is depicted in Table 11) (Cost Summary for 

30 Min UMC Heuristic with Service Times Equal to Zero). 



15 



Table 10 



SS Cost 
PS Cost 
COGS 
Total 



$ 148,254 
$ 700,097 



20 



$ 18.022,915 
$ 18,871,266 



Table 11 
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SS Cost 
PS Cost 
COGS 
Total 

5 

The Min UMC heuristic with service times equal to zero is the most accurate 
representation of the company's implemented supply chain. The savings 
generated by optimizing the safety-stock levels without changing the supply 
chain's configuration equals $59,292 (this optimized case is actually the Min 

10 UMC heuristic presented in Section [00327]), The savings generated by 

jointly optimizing the safety-stock levels and the supply chain's configuration 
total $ 1 94,289. Therefore, jointly optimizing both the configuration and the 
safety-stock placement will save three times as much as leaving the 
configuration unchanged and only optimizing the safety-stock placement. 

1 5 [00347] Also, it is important to note that implementing the optimal 

policy is an extremely easy matter. The difficult step in the supply chain 
design process is the identification of the parts that exceed all of the intangible 
requirements. However, this step must be done regardless of which option is 
eventually chosen. The optimization algorithm just optimally picks among the 

20 set of options that are all sufficient to satisfy the product's needs. Finally, it is 
interesting to note that although the overall UMC has not increased by much, 
there is no way the design team would have known to pick this configuration. 
Table 12 summarizes the costs at the subassembly level for the Min UMC 
heuristic and the Optimization Algorithm's configuration. 

25 

Table 12 



$ 237,678 
$ 979,127 
$ 17,848 J50 
$ 19,065,555 
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Subassembly UMC under Subassembly UMC under 



Major Function Min UMC Heuristic Optimal Configuration % difference 



Wafer 


$1,205 


$1,205 


0.00% 


Base Platform 


$810 


$825 


1.85% 


Circuit Board 


$930 


$936 


0.66% 


Misc 


$200 


$200 


0.00% 


Assembly 


$420 


$420 


0.00% 


Distribution 


$207 


$245 


18.36% 



Total $3,772 $3,831 1.54% 



[00348] For subassemblies like the base platform, increasing the 
UMC by $15 is a dramatic increase that would not be authorized without the 
5 kind of analysis presented in this section. The same is true of the adoption of 
premium freight. 

[00349] The optimization algorithm also neglected to make some 
choices that the team might have considered "obvious" choices. For example, 
the higher cost raw silicate option was not selected. Conventional wisdom 
1 0 might have led one to believe that this option would be selected due to the fact 
that the imager subassembly is an expensive component with a long maximum 
replenishment time. And with a modest increase in the subassembly's cost, 
the maximum replenishment time could be significantly shortened. However, 
the decrease in production time did not offset the subsequent increase in the 
1 5 cost. 

[00350] 5.6 General Conclusions 

[00351] Based on the current analysis that has been performed, some 
20 general hypotheses can be formulated. First, the farther upstream the supply 
chain, the less likely it will be optimal to choose a significantly higher UMC 
option. The reason is that choosing the higher cost option not only increases 
the product's UMC, it also increases the pipeline aad safety-stock cost at 
downstream stages. Furthermore, since these raw materials arc in their 
25 cheapest state, it is less costly to just hold a safety-stock of raw components, 
thereby decoupling them from the rest of the supply chain. Therefore, when 
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choosing a higher cost option that is upstream, the savings will have to be 
truly dramatic to justify the higher UMC. 

[00352] Second, the larger the nximber of echelons in the supply 
chain, the larger the potential significance of this approach. More echelons 
5 imply more flexibility in setting up the supply chain. This gives the reduced 
safety-stock and pipeline stock costs a greater opportunity to outweigh the 
increase in COGS. This insight should be tempered by the realization that any 
non- value added steps should be removed wherever possible. Before using the 
model, a general recommendation would be to remove any non- value added 

1 0 stages from the process. 

[00353] Finally, given the fact that product life cycles are only getting 
shorter, it is generally a bad idea to make large investments in creating a 
supply chain. By making a larger dollar investment in safety-stock and 
pipeline stock, it can be more difficult to effectively manage the "ramp dovra" 

15 phase of the product's life, hi the "ramp down" phase, safety-stock and 
pipeline stock are drawn out of the system and used to fulfill demand. The 
goal is to leave as little inventory as possible in the supply chain when the 
product is terminated; if the effort is completely successful, no inventory will 
remain. 

20 [00354] Since the Min UMC heuristic typically chooses the 

configuration with the longest lead-times, it requires significant pipeline and 
safety-stock levels. This is the exact opposite situation that a manager would 
want to create. However, the desire to create a lower investment supply chain 
must be balanced against the dramatic increase in cost created by 

25 implementing the most responsive supply chain (which can be foxmd by using 
the Min Production Time heuristic). 

[00355] The objective of the supply chain configuration problem is to 
balance these two competing interests. An effective way for managers to 
strike this balance is through the setting of the holding cost rate. The holding 

30 cost rate can be used to help gauge how much risk the company associates 
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with making a large investment in safety and pipeline stock. If the company 
places a significant cost on making large initial investments in the supply 
chain, they can attach a higher holding cost rate. This would make the safety- 
stock cost and pipeline stock cost a much higher total proportion of the 
5 configuration cost, thereby acting to mitigate the increase in COGS due to 
choosing higher cost, lower lead-time options. Conversely, if the company is 
not concerned about making a large initial investment, they can choose a 
lower holding cost rate. 

[00356] To demonstrate this effect, Table 13 (Configuration Cost 
1 0 Summary Table Under Different Holding Cost Rates), below, summarizes the 
optimal costs for each of the three configuration approaches when the holding 
cost rate is 15%, 30%, 45% and 60%. 



15 



20 



Table 13 
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Minimum UMC 


Minimum Production 


Supply Chain 




Heuristic 


Time Heuristic 


Configuration Algorithm 


Holding Cost - 15% 








Safety Stock Cost 


$89,193 


$61,445 


$81,006 


Pipeline Stock Cost 


$489,563 


$232,943 


$417,484 


COGS 


$17,848,750 


$19,369,873 


$17,920,000 


Total Configuration Cost 


$18,427,506 


$19,664,260 


$18,418,489 


Investment Cost 


$3,858,375 


$1,962,584 


$3,323,262 


Length of Longest Path 


127 days 


45 days 


127 days 




Holding Cost - 30% 








Safety Stock Cost 


$178,386 


$122,890 


$148,254 


Pipeline Stock Cost 


$979,127 


$465,886 


$700,097 


COGS 


$17,848,750 


$19,369,873 


$18,022,915 


Total Configuration Cost 


$19,006,263 


$19,958,648 


$18,871,266 


Investment Cost 


$3,858,375 


$1 ,962,584 


$2,827,837 


Length of Longest Path 


127 days 


45 days 


118 days 



Holding Cost - 45% 








Safety Stock Cost 


$267,579 


$184,334 


$222,699 


Pipeline Stock Cost 


$1 ,468.690 


$698,828 


$1,010,252 


COGS 


$17,848,750 


$19,369,873 


$18,051,748 


Total Configuration Cost 


$19,585,019 


$20,253,035 


$19,284,699 


Investment Cost 


$3,858,375 


$1,962,584 


$2,739,892 


Length of Longest Path 


127 days 


45 days 


118 days 



Holding Cost - 60% 








Safety Stock Cost 


$356,772 


$245,779 


$270,291 


Pipeline Stock Cost 


$1,958,253 


$931,771 


$1,254,324 


COGS 


$17,848,750 


$19,369,873 


$18,170,498 


Total Configuration Cost 


$20,163,775 


$20,547,423 


$19,695,113 


Investment Cost 


$3,858,375 


$1,962,584 


$2,541,026 


Length of Longest Path 


127 days 


45 days 


96 days 



[00357] As the holding cost rate increases, the supply chain 
configuration algorithm chooses more higher cost, lower production lead-time 
options. This is demonstrated in the Table 14 (Optimal Supply Chain 
Configuration Under Different Holding Cost Rates) below. 



Table 14 
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15% 


30% 


45% 


60% 


Raw Silicate 


1 


1 


1 


1 


Wafer Fab 


1 


1 


1 


2 


Wafer Pkg. and Test 


1 


1 


1 


1 


CCD Assembly 


1 


1 


1 


1 


Miscellaneous Components 


1 


1 


1 


1 


Parts w/ 8 Week LT 


1 


3 


4 


4 


Parts w/ 4 Week LT 


1 


2 


3 


3 


Parts w/ 2 Week LT 


1 


1 


2 


2 


Parts on Consignment 




1 


1 


1 


Circuit Board Assembly 




1 


1 


1 


Base Assembly 




2 


2 


2 


Accessory Processing 




1 


1 


1 


Local Accessory In v. 




1 


1 


1 


Digital Capture Device Assembly 




1 


1 


1 


Central Distribution 




1 


1 


1 


US Demand 




2 


2 


2 


Export Demand 




2 


2 


2 



[003581 When the holding cost rate is low, COGS dominates the total 
5 configuration cost. Therefore, the minimvim cost heuristic produces a solution 
that is very close to the optimal solution. But as the holding cost rate 
increases, the supply chain configuration algorithm creates a supply chain that 
comes closer to creating the supply chain created using the minimum 
production time heuristic. 

10 

[00359] 6,0 Machine Implementation and Graphical User Interface 

[00360] The present invention, including the methods of the present 
invention as described in sections 1-5 and 7 herein and as illustrated in Figs. 
15 7a - 7d and 37, may be implemented according to a variety of computing 
topologies. In one embodiment, the present invention may be implemented 
using a networked computing system. In another embodiment, the present 
invention maybe implemented using a standalone computer platform. 

[00361] A flow chart illustration of an embodiment of a representation 
20 method 1200 according to the present invention is illustrated in Figure 36. 
Referring to Figure 36, a user may initiate a method 1200 by analyzing a 
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particular decision option chain for modeling at 1205. The present invention 
may be used to represent a wide variety of operations in which an overall 
operation is supported by a series of underlying interrelated operations. The 
system and methods of the present invention provide for optimization of the 
5 overall operation by analysis of various options available at each underlying 
stage, and through selection of an optimum series of options that minimizes 
the total costs over the series of stages. In the description of the invention 
herein, a supply chain is used as a representative operation. Thus, a user of the 
system according to the present invention may analyze the overall operation to 
10 which the invention is to be apphed in order to determine the appropriate 
stages and their interrelationships for modeling. 

[00362] A user may next select a combination of stage shapes and 
colors to be used for stage symbols at 1210. The user may also choose the 
locations of the stages on a display representation of the supply chain in an 
15 arrangement that represents the interrelationships among stages of the supply 
chain. Next, the user may estabhsh links, which may be represented as 
graphical links, between individual stage symbols in order to form a 
representation of the overall supply chain operation, at 1215. 

[00363] Once the supply chain representation has been established, 
20 the user then may input information associated with at least one option for 
each stage in the supply chain at 1220. A user may accompUsh this using a 
data entry device, or by providing a file containing the option information 
suitable for access and storing by a database according to the system of the 
present invention. Where a file containing at least the option information is 
25 predefined and simply retrieved, representation of the stages of the supply 

chain by stage symbols may be automatically performed, rather than the user 
selecting the combination of shapes and colors to be used for stage symbols. 

[00364] After the option information is obtained, the user may initiate 
chain optimization at 1225, as discussed above in sections 1-5 and as 
30 illustrated in Figs. 7a - 7d. In one embodiment, the present invention performs 
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chain optimization by executing instractions using a processor that determine 
an optimal option for each stage in the series of stages. The optimal series 
may be selected that minimizes the sum of the total costs over the series of 
stages for the entire supply chain, hi performing the optimization, the present 
invention may include certain quantifiable stage information in the 
optimization calculations, and exclude other information as described herein. 
Such quantifiable information may include, for example, a first cost 
corresponding to a monetary amount associated with performing an operation 
and a second cost corresponding to an amount of time associated with 
performing an operation. 

[00365] After the optimization has been performed, the present 
invention may make available to one or more users the results of the 
optimization by generating (and, in a networked configuration of the system 
according to the present uivention, by transmitting formatted results to remote 
computer systems) and outputting using, for example, a display device, one or 
more reports to a requesting user of the system at 1230. 

[00366] Certain users having modification permission (1240) may add 
or modify the option information for one or more affihated stages in order to 
perform a subsequent optimization using the new or modified information, and 
to observe the associated optimization results, at 1235. 

[00367] Certain of these portions of method 1200 are described in 
further detail elsewhere herein and in connection with, for example, Figs. 7a - 
7d. 

[00368] 6.1 Computing Platform 

[00369] Figure 1 8 is a block diagram of a computer system 200 (i.e., a 
computer) which may be used to implement the present invention. In an 
embodiment, computer system 200 may be a personal computer configured for 
executing DOS and Microsoft Windows™ based programming instructions. 
Alternatively, computer system 200 may be a workstation or a server system 
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such as, for example, the Sun Netra™ server or Sun UhraSPARC™ based 
workstations available from Sun Microsystems, Inc. of Palo Alto, CaUfomia. 
Computer system 200 may include a bus 240 or other communication 
mechanism for communicating information, and a processor 205 coupled with 
5 bus 240 for processing information. Computer system 200 also may include a 
main memory 220, such as a random access memory (RAM) or other dynamic 
storage device, coupled to bus 240 for storing information and instructions to 
be executed by processor 205. Main memory 220 also may be used for storing 
temporary variable or other intermediate information during execution of 
1 0 instructions to be executed by processor 205 . Computer system 200 further 
may include a read only memory (ROM) 210 or other static storage device 
coupled to bus 240 for storing static information and instructions for processor 
205. A storage device 215, such as a magnetic disk or optical disk, may be 
provided and coupled to bus 240 for storing information and instructions. 
1 5 [00370] Processor 205 may comprise a processing portion of 

computer system 200 configured to execute a sequence of programmed 
instructions provided in accordance with the methods of the present invention 
as described herein. A receiving portion of computer system 200 may include 
data entry device 235, pointing device 230, storage device 215, main memory 
20 220, database 250, and communications interface 225. The receiving portion 
may function to accept code and data from a variety of sources for input to the 
processing portion of computer system 200. 

[00371] In one embodiment, database 250 may be coupled to bus 240 
for storing static information and software instructions. Information stored in 
25 or maintained using database 250 may be provided in conformance with a 

database management system format such as, but not limited to, the structured 
query language (SQL) format. In one embodiment, database 250 may be a 
SQL database provided by the Oracle Corporation of Redwood Shores, 
Cahfomia. Alternatively, database 250 may be a SQL Server 7,0 database 
30 supporting the ActiveX Data Object (ADO) and Open Database Connectivity 
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(ODBC) protocols provided by IBM Corporation or Sybase Corporation. 
Database 250 may include information including, but not limited to, database 
query and access instructions in the form of one or more scripts which, when 
executed by a processor such as processor 205, serve to store and retrieve data 
5 maintained using database 250 according to the instructions contained in the 
script, and in particular regarding the data fields to be accessed, as well as 
their arrangement, provided in the response to processor 205. 

[00372] Computer system 200 may be coupled via bus 240 to a 
display 245 for outputting information to a computer user. In one 
10 embodiment, display 245 may be a cathode ray tube (CRT) computer display 
monitor capable of displaying information using multiple colors. 
Alternatively, display 245 may be a Hquid crystal display or a monochrome 
monitor. 

[00373] A data entry device 235, including alphanumeric and other 

15 keys, may be coupled to bus 240 for communicating information and 

command selections to processor 205. Another type of user input device 
which may be coupled to bus 240 is pointing device 230, which may be a 
computer mouse, trackball, cursor direction keypad, tactile directional 
fingerpad, or other such device for allowing a user to control cursor location 

20 md movement on display 245, and for communicating direction information 
and command selections to processor 205. This pointing device 230 typically 
has two degrees of freedom in two axes, a first axis (e.g., x) and a second axis 
(e.g., y), that allows the pointing device to specify positions in a plane. 

[00374] The present invention is related to the use of computer system 

25 200 for decision option (i.e., option) analysis. According to one embodiment 
of the present invention, decision option analysis in the manner described 
earlier herein may be provided by computer system 200 in response to 
processor 205 executing one or more sequences of instructions contained in 
main memory 220. Such instructions may be read into main memory 220 

30 from another computer-readable medium, such as storage device 215 or 
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database 250. Execution of the sequences of instructions contained in main 
memory 220 may cause processor 205 to perform the process steps described 
herein. One or more processors in a multi-processing arrangement may also 
be employed to execute the sequences of instructions contained in main 
5 memory 220. Li alternative embodiments, hard-wired circuitry may be used in 
place of or in combination with software instructions to implement the 
invention. Thus, embodiments of the invention are not limited to any specific 
combination of hardware circuitry and software, 

[00375] The term "computer-readable medium" as used herein refers 

10 to any medium that participates in providing instructions to processor 205 for 
execution. Such a medium may take many forms, including, but not limited 
to, non- volatile media, volatile media, and transmission media. Non-volatile 
media include, for example, optical or magnetic disks, such as storage device 
215. Volatile media include dynamic memory, such as main memory 220. 

15 Trmsmission media can also take the form of acoustic or light waves, such as 
those generated during radio frequency (RF) and infrared (IR) 
communications. Common forms of computer-readable media include, for 
example, floppy disk, a flexible disk, hard disk, magnetic tape, any other 
magnetic medium, a CD ROM, DVD any other optical medium, pimch cards, 

20 paper tape, any other physical medium with patterns of holes, a RAM, a 

PROM, an EPROM, a Flash EPROM, any other memory chip or cartridge, a 
carrier wave as described hereinafter, or any other medium from which a 
computer can read. 

[003761 Various forms of computer-readable media may be involved 

25 in carrying one or more sequences of one or more instructions to processor 
205 for execution. For example, the instructions may initially be borne on a 
magnetic disk of a remote computer. The remote computer may load the 
instruction into its dynamic memory and send the instructions over a telephone 
line using a modem. A modem local to computer system 200 may receive the 

30 data on the telephone line and use an infrared transmitter to convert the data to 
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an infrared signal and place the data on bus 240. Bus 240 may carry the data 
to main memory 220, from which processor 205 retrieves and executes the 
instructions. The instructions received by main memory 220 may optionally 
be stored on storage device 215 either before or after execution by processor 
5 205. 

[00377] Computer system 200 may also include a communication 
interface 225 coupled to bus 240. Communication interface 225 may provide 
a two-way data communication coupling to a network 260. For example, 
commimication interface 225 may be a modem or an integrated services 

10 digital network (ISDN) card to provide a data commimication connection to a 
corresponding type of telephone line. As another example, communication 
interface 225 may be a local area network (LAN) card to provide a data 
communication connection to a compatible LAN. Wireless links may also be 
implemented. Li any such implementation, communication interface 225 

15 sends and receives electrical, electromagnetic, or optical signals that carry 
digital data streams representing various types of information. 

[00378] Communication interface 225 may provide data 
communication through one or more networks to other data devices. For 
example, communication interface 225 may provide a coimection through a 

20 local network to a host computer or to data equipment operated by an Litemet 
Service Provider (ISP). The ISP may in turn provide data communication 
services through the worldwide packet data communication network, now 
commonly referred to as the "Intemet." These networks use electrical, 
electromagnetic, or optical signals that carry digital data streams. These 

25 signals are exemplary forms of carrier waves transporting the information. 

[00379] Computer system 200 may send messages and receive data, 
including program codes, through the network(s) and communication interface 
225. In the Internet example, a server might transmit a requested code for an 
application program through the Internet, ISP, and communication interface 

30 225. In accordance with the present invention, one such downloaded 
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application provides for decision options analysis as described herein. The 
received code may be executed by processor 205 as it is received, and/or 
stored in storage device 215, or other non-volatile storage for later execution. 
In this manner, computer system 200 may obtain an application code in the 
5 form of a carrier wave. 

[00380] Figure 19 is a block diagram of an embodiment of a 
networked configuration of the system according to the present invention. 
Referring now to Figure 19, in the networked computing topology multiple 
computer systems 200 may be interconnected for communication using a 

10 network 260. In the network configuration, one of the computer systems 200 
that communicate with database 250 may also be configured as a web server 
270 to respond to user requests for supply chain or stage information received 
fi*om one or more client systems 280. Client systems 280 may also include 
computer system 200. The web server 270 may generate and transmit the 

1 5 requested stage information to the requesting user via World Wide Web page 
using the Internet. Network 260 may be, for example, a network of 
interconnected networks such as the Internet, a local area network (LAN), a 
wide area network (WAN), an intranet including any of these, and/or the 
public switched telephone network (PSTN). Communications interface 225 

20 may fiirther include a web browser or thin client 220. The web browser 
displays data and is capable of communicating with other computers via a 
network such as, for example, the Internet or an intranet. The web browser 
provides a user with a way to navigate, via, for example, hyperlinks which are 
selected by a pointing device 230 such as a computer mouse, or as typed in by 

25 the user. The web browser uses a protocol such as, for example, HyperText 
Transfer Protocol (HTTP) of File Transfer Protocol (FTP), to transmit data of 
various content such as, for example, HyperText Transfer Markup Language 
(HTML) formatted documents, plain text documents, graphic images, and 
Extensible Markup Language (XML) documents for presentation to the user 

30 via a display 245. Web pages formatted in accordance with HTML or XML 
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may also be provided in accordance with the extensible Style Language 
(XSL) specification available from the World Wide Web Consortium. XSL is 
usefiil for separating style from content as well as for providing a common 
interface for sharing of web pages across apphcations. The web browser may 
5 also run or execute programs, such as Java applets including sequences of 
instructions provided in accordance with the Java programming language, or 
JavaScript. The web browser may be, for example, hitemet Explorer by 
Microsoft Corporation, Netscape Navigator by Netscape, or any other web 
browser. 

1 0 [00381 ] Certain information maintained using database 250 may be 

stored in the form of XML- formatted database files. Such XML-formatted 
VS information may include stage option information as discussed herein. In 

U addition, code and data may be passed between or among the various software 

: . modules and components used to implement an embodiment of the present 

15 invention, and the transferred code and data also may be provided in 
u accordance with the XML standard. 

s;: [00382] A thin client utilizes a two or more tiered client server model. 

yi Li this model, the client runs a minimal set of services that provide 

12 functionality to interface with at least one server. A web browser may be a 

20 thin client. 

[00383] In one embodiment, instructions executed by processor 205 
from main memory 220 may include apphcation software instructions that 
cause processor 205 to perform the decision option analysis described herein. 
In this embodiment, these application instructions may be implemented in the 

25 form of source code statements provided in accordance with the Visual C-h- 
and Visual Basic™ higher order programming languages, development kits 
for which are available from Microsoft Corporation of Redmond, Washington. 
Other embodiments are possible. Apphcation instructions may also include 
database scripts for accessing, storing, or selectively retrieving information 

30 contained in database 250. The database scripts may be contained in storage 
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device 215 or may be stored using database 250. The database scripts may be 
implemented in the form of programming statements provided in accordance 
with, for example, structured query language (SQL) version 7.0 database 
management system query language, as well as Transact SQL. Other database 
5 implementations are possible, including those available &om Oracle™ or IBM 
DB2™ 

[00384] In an embodiment, computer system 200 may be configured 
to perform methods of the present invention as shown in Figs. 7a - 7d and 37 
by executing a sequence of application software instructions embodying the 
10 processing as described herein with respect to those figures. Such sequences 
of instructions may be used to implement, for example, the optimal solution 
algorithm, spanning tree network, multivariable optimization, and dynmnic 
forward recursion processing, as well as other methods as described herein. 

15 [00385] 6.2 User Interface Display Methodology 

[00386] In one embodiment, application software instructions include 
a user interface portion, which may be a graphical user interface (GUI) 
portion, for generating interactive display screens by which a user may 
provide data to and receive information from computer system 200 and 

20 database 250 using display 245. A user may interact with computer system 
200 via the graphical user interface provided by the GUI portion by using 
pointing device 230 and data entry device 235. The GUI portion may place 
the output of computer system 200 in a format for presentation to a user via 
display 245. 

25 [00387] In particular, a user may select a particular data entry field of 

an interactive display page presented using display 245 by using the pointing 
device 230 or data entry device 235 to select that field. Upon selecting a field, 
a user may then enter information into the data entry field using a data entry 
device 235. After the user has entered data into the data entry field, the user 

30 may cause the GUI portion to input the user-entered information to computer 
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system 200 using the pointing device 230 to select a corresponding display 
icon or command button. 

[00388] The present invention provides a system and methods by 
which one or more users may observe and manipulate the overall end-to-end 
5 decision chain. In a decision chain with multiple stages, the present invention 
allows a user to define the relevant properties of each stage, link the stages 
together to represent inter-stage dependencies, and provide a visual mapping 
of the entire decision chain. 

10 [00389] 6.2.1 Login and View Chain 

[00390] In one embodiment, users of the system must first login in 
order to access decision option information. Login may be accomplished by 
the user entering a corresponding Uniform Resource Locator (URL) address at 
the client web browser of the user's local computer system 200. In one 

15 embodiment, the accessing user's local computer system 200 may be a client 
system 280 which includes a second computer system not collocated with the 
server 270. Server 270 may include a first computer system 200 used to host 
the information and application program instructions as discussed herein using 
database 250. Client system 280 and server 270 may be interconnected using 

20 a network 260. Referring again to Figure 19, entering at the second computer 
the URL associated with server 270 may cause client system 280 to transmit a 
login request message to server system 270 using a network 260. Upon 
receipt of the login request, server system 270 may generate and transmit an 
interactive login web page to client system 280 for display to the user via 

25 display 245. The requesting user may then enter identification data using the 
interactive login web page such as user identifier and password and command 
cHent system 280 to transmit the login information to server system 270. 

[00391] Upon receipt of the login information from client server 280, 
server system 270 may compare the received information to corresponding 

30 login information maintained in database 250. If the received information 
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matches corresponding stored login information, then server system 280 may 
generate and transmit an interactive home web page to client system 280. 

[00392] In performing the above login processing as well as the 
client-server interaction described below, server system 270 may receive 
5 requests for information as well as user entered data from client system 280 
via network 260. Such user provided requests and data may be received in the 
form of client-user entered data contained in an interactive web page provided 
in accordance with the Active Server Pages standard. Alternatively, user 
provided requests and data may be received in the form of client-user entered 

10 data contained in an interactive web page provided in accordance with the 

Java Server Pages™ standard developed by Sun Microsystems. In response to 
a user entered request, server system 270 may generate a report in the form of 
an interactive web page by obtaining decision option information associated 
with the user request by, for example, executing a corresponding command or 

15 scripted instruction (using, for example, ActiveX scripting developed by 

Microsoft Corporation) or sequence thereof to cause retrieval of the associated 
data from database 250. Upon receipt of the requested data, server system 270 
may build an interactive web page including the requested information and 
transmit the page to the requesting client system 280 in accordance v^th 

20 HTML and ASP formatting standards. 

[00393] In one embodiment, upon successful login a decision option 
chain view page may be provided to the requesting user that includes a list of 
one or more decision chains that may be viewed by that user. Figure 20 shows 
an illustration of an interactive decision option chain view page 300 listing 

25 multiple decision chains that may be viewed by an exemplary logged in user. 
Referring now to Figure 20, decision option chain view page 300 may include 
for each viewable decision option chain one or more interactive data fields 
such as a chain name 305, chain status 310, view chain checkout type 315, a 
chain owner 320, a chain creation date 325, and a last change indicator 330. 
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[00394] Chain name 305 may be a name given to a particular decision 
option chain by the chain's creator. As shown in Figure 20, chain name 305 
may also include a version number for the chain. In one embodiment, the 
system according to the present invention includes a versioning capability in 
5 which a user having read/write access to a decision option chain may save a 
modified chain into a separate version. Each version of a decision option 
chain may be independently selected for view using client system 280, and 
different versions of the same chain may be compared in order to review the 
changes. 

1 0 [00395] Chain status 310 may provide an indication of whether or not 

a given decision option chain is available for editing. Chain status 310 may 
include a "Checked-Out" status to indicate that a particular decision option 
chain is currently checked out by another user, and a "Checked-In" status to 
indicate that no other user has checked out the decision chain for edit. A 

15 decision option chain having a chain status 310 of "Checked-Out" may not be 
edited and can only be viewed as read-only. 

[00396] View chain checkout type 315 may provide an indication of a 
level of access available to a particular user with respect to a particular chain. 
For example, checkout type 315 may indicate that a particular user has 

20 read/write access to a chain; or, alternatively, a user may have read-only 
access to a particular chain. In one embodiment, view chain checkout type 
315 may be a discrete variable maintained using database 250 under control of 
the chain owner 320. The chain owner 320 may have the ability to set the 
view chain checkout type 315 access level for each other user having access to 

25 a particular decision option chain. In one embodiment, server system 270 
allows the chain owner 320 to assign the view chain checkout type 315 
parameter for each other user having access to a particular chain by selecting 
the corresponding entry from a pull-down menu of parameters options (e.g., 
"read/write," "read only"). 
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[00397] Chain owner 320 may be one user who has responsibility for 
managing administrative and substantive changes to a particular decision 
option chain. The chain owner 320 may correspond to the chain creator. 
Chain creation date 325 may provide a date/time stamp of when a particular 
5 version of a chain was created. Last change indicator 330 may provide a 
date/time stamp of when a particular chain version was last updated as 
indicated by an associated information field contained in database 250. 

[00398] Each of the columns for decision option chain view page 300 
corresponding to a particular interactive data entry field may be sorted 
10 according to a variety of criteria. For example, a user may choose to view 

multiple decision option chains in order of creation date by, for example, using 
a pointing device 230 to double-click on the "Created" header field associated 
with the column containing chain creation date 325. 

15 [00399] Chain Creation 

[00400] In one embodiment, a user may create a new decision option 
chain by selecting a corresponding selection tab provided within a primary 
navigation menu 340 by, for example, using a pointing device 230 to click on 
the "Create New Chain" selection tab as shown in Figure 20. Upon user 

20 request to create a new decision option chain, chent system 280 may transmit 
a request for a new chain home page to server system 270 using network 260. 
Upon receipt of this request, server system 270 may generate and transmit a 
chain home page to the requesting client system 280. Figure 21 shows an 
embodiment of an exemplary chain home page 350 in accordance with the 

25 present invention. 

[00401] Referring now to Figure 21 , chain home page 350 may 
include, but is not limited to, a chain modeling space 355 providing a 
graphical workspace for assembling a decision option chain, primary 
navigation menu 340 for selecting input/output options, a secondary 

30 navigation menu 365 for selecting decision chain input and analysis tools. 
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tracking tools pull-down displays 370, and drawing tools 375, To create a 
decision option chain, a user may select the stage drawing tool from drawing 
tools 375 using pointing device 230, then cause a new stage to be shown in 
chain modeling space 355 by moving the cursor, using pointing device 230, to 
5 a desired location within chain modeling space 355. The user may cause 
computing system 200 to display a new stage at a particular location by, for 
example, clicking a selection button of pointing device 230 when the cursor is 
positioned at the desired location. Once a new stage is displayed within chain 
modeling space 355, a user may move the position of the stage within chain 

10 modeling space 355 using pointing device 230. Using this technique, the user 
may choose to add further new stages to chain modeling space 355 as required 
to represent a corresponding decision chain or portion thereof 

[00402] Further to creation of a decision option chain, after adding 
new stages in the manner described above, for example, or during the addition 

15 of new stages, a user may wish to connect stages using one or more links. In 
one embodiment, a user may select the link drawing tool from drawing tools 
375 using pointing device 230, then cause a new link to be shown in chain 
modeling space 355 by moving the cursor using, for example, pointing device 
230 to a desired stage from which a link is to be made (e.g.. Stage 1), selecting 

20 that stage, then moving the cursor to a second stage to which a link is to be 
made (e.g., Stage 2), within chain modeling space 355. In one embodiment, 
these actions will cause computer system 200 to create a link between the 
stages (e.g.. Stage 1 linked to Stage 2). Using this technique, the user may 
choose to add further links between and among stages within chain modeling 

25 space 355 as required to represent a corresponding decision chain or portion 
thereof. 

[00403] Figure 22 shows an example of a decision option chain 400 
having stages 405 and links 410. As shown in Figure 22, any stage 405 may 
be the terminus for one or more links 410, and, fiirther, any stage 405 may be 
30 the origination point for one or more links. Using this capability, a user may 
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create decision option chains of multiple dimension or degree. The system 
and methods of the present invention thereby provide for the representation or 
mapping of decision option chains of various types and topology such as, but 
not limited to, linear chain, one-to-many, many-to-one, and spanning tree 
5 networks. 

[00404] 6.2.3 Stages & Links 

[00405] hi one embodiment, a user can select from among a variety of 
symbols to represent a stage or decision option point. In one embodiment of 

10 the exemplary supply chain decision option system described herein, a first 
symbol may be used to denote a processing stage 405. The first symbol may 
be a Further, a second symbol may be used to denote a safety stock 
location. The second symbol may be a "a." A user may also define a 
particular unique user-defined icon to be used to represent a stage, in addition 

15 to or in place of one or more system provided icons. In addition, color may be 
used in conjunction with the stage symbols to represent information associated 
with a particular stage. As with shapes, the user can choose a color from 
among a variety of system provided colors, or may choose to define a unique 
color using a color selection palette provided by the system. If the user does 

20 not select a particular color or colors, then the system will assign a default 
color to a given stage. 

[00406] In one embodiment, links may be used to represent stage 
interdependencies. The method of the present invention includes representing 
each stage of an interconnected system using the stage symbols and links and 

25 displaying the representation using a display device such as display 245. The 
method of the present invention may fiirther include maintaining information 
associated with one or more options that can be used or selected for each 
discrete stage representation and calculating an optimum series of options over 
a series of the stages in order to minimize the sum of total costs over the series 

30 of stages based on the information provided for each stage option, hi one 



106 



embodiment, the calculation of the optimum series may include applying one 
or more of the algorithms described previously herein to the stage information 
associated with the options for each stage in order to determine an optimum 
series of options based on total costs as a function of the stage option 
5 information. Jn one embodiment, information included as a basis for the 
optimum series calculation may include a first cost corresponding to, for 
example, a stage service time, and a second cost corresponding to, for 
example, a procurement cost. Certain stage information associated with a 
stage and maintained using database 250 but not affecting the total costs may 

10 be excluded from the optimum series calculation. For example, the 
information may include first data, which may be a stage modification 
permission parameter, may be excluded from the optimum series calculation. 
Li this manner, the total costs is the summation of the quantifiable 
characteristics of the information associated with each stage. 

1 5 [00407] Furthermore, a user may manually exclude one or more 

stages from being factored into the optimum series calculation. In one 
embodiment, a user may exclude a stage from optimum series calculations by 
clicking on a checkbox associated with the stage and provided for that purpose 
on an interactive display page on display 245, using pointing device 230. 

20 [00408] In the exemplary embodiment described herein, decision 

options are described in terms of the stages of a supply chain and a link may 
represent a material feed from an upstream stage to downstream stage. In this 
example, a stage may represent an operation to be performed as part of a 
supply chain (the supply chain itself may represent a relatively larger 

25 operation). Those skilled in the art will appreciate that the stages and the 

processing, mathematical notation, and user interface representation of stages 
described herein may apply to a variety of decision option applications in 
accordance with the present invention. 

[00409] In the exemplary supply chain embodiment described herein, 

30 a stage may represent a process or operation which may result in stored 
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inventory for an item, component, assembly, subassembly, product or system. 
For example, a stage may represent processes such as, but not limited to, a raw 
materials warehouse after a procurement process, a work in process inventory 
after an assembly process, a distribution center after a transportation process, 
5 or a finished goods warehouse after a transportation process. 

[00410] In an embodiment, upon receiving a user request to view a 
particular version of a decision option chain, server system 270 may retrieve a 
sequence of instructions that, when executed by computer system 200, will 
render the requested decision option chain representation for display. The 

10 sequence of instructions may include application programming instructions 
implemented as one or more a Java applets, as well as scripted instructions 
which may be formatted in accordance with the XML standard. The 
application programming instructions operate upon the scripted instructions to 
produce the decision option chain representation. The scripted instructions 

15 may embody information that, when executed in conjunction with application 
programming instructions by computer system 200, determine certain aspects 
of the decision chain representation such as, but not limited to, the number and 
location of stages and the number, direction and location of links used to 
interconnect the stages in the manner described herein, 

20 [00411] The scripted instructions may be stored using database 250. 

Jxi an embodiment, information associated with each version of a decision 
option chain may be stored in a single row in a table containing at least one 
such row in database 250. The table may include a number of columns 
associated with different items of information for each of the versions. At 

25 least one of the columns in the table may be a large text column that contains 
the full XML document associated with a display of a particular version of a 
decision option chain. Information stored using the table may include 
strategic supply chain data or supply chain design data, such as the stage 
option information described fiirther herein. For example, a column may be 

30 provided in the table for each category of stage option information. Portions 
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of the information contained thusly in the table may be retrieved or updated by 
computer system 200 executing one or more corresponding instructions or 
scripts. While the invention has been described in an implementation using 
the data structxu-e described above, other data structures and embodiments are 
5 possible. 

[00412] 6.2.4 Stage Options and Information 
[00413] For a decision chain with multiple stages, the present 
invention allows a user to define one or more attributes of relevant information 

10 associated with a decision or subdecision involving that stage. Stage 

information associated with one or more options for that stage may include, 
but is not limited to, a first cost corresponding to a monetary amount 
associated with performing an operation such as a procurement cost, a second 
cost corresponding to an amount of time associated with performing an 

15 operation such as a stage service time, and a third information which may 
correspond to a stage modification permission parameter. As described 
further herein, the first cost, second cost, or third information may be modified 
by a user of the system having permission to modify the information 
associated with a particular stage. 

20 [00414] Other costs and information may also be represented for each 

stage option, including variations and derivations of the foregoing 
information. For example, in the exemplary supply chain embodiment 
described herein, such information may include, but is not limited to, 
parametric information such as procurement time, production time, service 

25 time, cost added, holding cost rate, demand statistics, demand uncertainty, and 
a total cost including a total of at least one of a manufacturing cost, an 
inventory cost, and a time to market cost. Each item or type of information 
and its current value may be selected by a user to be displayed for one or more 
stages of a decision chain using display 245. Each item of information may be 

30 maintained using database 250 and obtained firom database 250 as required for 
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display to a user via display 245. Stage information may be selected and 
displayed individually, in portions, or together in groups up to and including 
all items of stage information, including the optimum series of options. 
Combinations of particular items of stage information may represent stage 
5 options for evaluation using the system and methods of the present invention 
as discussed herein. For example, a stage 405 representing a component 
procurement process may have a choice of options, each option having a 
different lead time and cost. Further to this example, a first option (e.g., 
Option 1) may represent a lead time and component cost quoted by a first 

10 supplier of, say, 60 days lead time at $10 per part, and a second option (e.g.. 
Option 2) may represent a lead time and component cost quoted by a second 
supplier of say, 90 days lead time at $8 per part. 

[00415] The network configuration may be particularly useful for 
allowing the exchange and update of decision option information by one or 

15 more users of the system. For example, if a first computer system 200 is used 
to host database 250 and applications for decision option analysis as described 
herein, then a user at a second computer system 200 (which may or may not be 
collocated with the first host computer) may access and update the information 
associated with one or more decision options maintained using database 250 

20 by interacting with the first host computer system 200 using the network 260. 
In one embodiment, a first computer may be a server 270 and a second 
computer may be a client system 280. 

[00416] For example, in one embodiment, a user may select a stage 
report in order to view the current set of stage information associated with a 

25 particular stage 405. In a networked configuration, a user at a second 
computer may request to view stage information maintained at a first 
computer capable of sending and receiving information and requests to and 
fi-om the second computer using a network. The second computer may 
correspond to a client system 280 and the first computer may be server 270. A 

30 method 1000 of the present invention for providing requested stage 
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information to a user located at a second computer is shown in Figure 24. 
Referring to Figure 24, upon user selection of a user interface icon 
corresponding to a request for stage information at 1005, such as a stage report 
option using secondary navigation menu 365, client system 280 may prepare a 
5 message requesting the stage information at 1010 and transmit a request for a 
stage report to server system 270 using network 260 at 1015. Upon receipt of 
this request at 1020, server system 270 may retrieve the requested stage 
information from database 250 at 1025, then generate a stage report page 
formatted for display at the second computer at 1030, and download the 

10 formatted stage report page containing the requested stage information to the 
requesting client system 280 at 1035. Upon receipt of the stage report page at 
the second computer, the stage information received from the first computer 
may be stored in memory locations of the second computer at 1040 for use and 
display at the second computer at 1045. 

15 [00417] Figure 25 shows an embodiment of an exemplary stage report 

500 in accordance with the present invention. As can be observed from Figure 
25, a stage report 500 may include a display of stage information associated 
with a particular stage. The system of the present invention may also include 
a link report that shows a detailed description of a selected link, including, but 

20 not limited to, soiirce stage(s), destination stage(s), and distance or cost. 

[00418] Furthermore, certain users may read, or modify and update, 
portions of the stage information at the second computer. One embodiment of 
a method of the present invention for providing modification of stage 
information by a user at a second computer is shown in Figure 35. Referring 

25 to Figure 35, a user at a second computer may request stage information as 
described above with respect to Figure 24 at 1 105. For users at a second 
computer having read access, only the local copy of the stage information 
contained in memory at the second computer may be modified by the user for 
comparative analysis using the techniques and methods described herein. For 

30 users at a second computer having modify and update access, the user may 
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select the information to be modified at 1 1 10, in which case the local copy of 
the stage information contained in memory at the second computer may be 
modified at 1 1 15. The modified information may then be transmitted fi:om the 
second computer to the first computer using a network such as, for example, 
5 network 260 at 1 120. Upon receiving the modified stage information at 1 125, 
the first computer may replace the corresponding stage information currently 
stored using database 250 with the modified stage information received fi*om 
the second user from the second computer at 1 130. 

[00419] By providing a means for allowing certain remote users of the 

10 system to manipulate and change the decision option information for one or 
more stages or nodes, the present invention may permit and facilitate 
collaboration among various interested parties such as, but not limited to, 
component supphers, assembly providers, distributors, wholesalers, and 
retailers. For example, a supplier of a component input at a given node of the 

1 5 supply chain may become aware of a forecast surplusage of the component 
due to, for example, a canceled order, which may result in a shorter lead time 
for the component than that currently reflected for the corresponding stage in 
the supply chain. Using the collaboration capability provided by the present 
invention, the component supplier can quickly enter the reduced lead time 

20 information for the stage into computer system 200 as a user of, for example, a 
second computer configured as a client system 280 for update and storage 
using database 250. In this way, all users of the system may be provided the 
most accurate information available for each stage of the supply chain. Such 
entered changes may be propagated forward and backward to effect changes in 

25 the analysis calculations and results for the overall supply chain. 

[00420] As discussed above, certain users may also modify certain 
items of stage information as described herein, allowing that user to observe 
the stage impact and the end-to-end chain impact caused by a change in the 
parameter. The change may be made prospectively, thereby supporting "what 

30 if analyses, or the change may be made in response to an actual change in the 
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corresponding parameter. For example, inventory holding cost may increase 
at a particular stage due to increased facility costs. A user having 
"ReadAVrite" update permission for the stage representing that inventory 
location may use the system of the present invention to update the holding cost 
5 parameter for the stage, thereby providing all users of the system with updated 
actual information. The system of the present invention thereby allows users 
to observe the quantified impact to the stage as well as the impact to the 
overall end-to-end decision chain caused by the modified stage property. In 
the context of the exemplary supply chain described herein, this capability 

1 0 allows one or more users to determine optimvim locations and levels of safety 
stock at various stages, or other inventory determination, in order to minimize 
the total inventory cost across the entire supply chain. Similar modifications 
may be made to other items of stage information to reflect changes or 
proposed changes to other parameters in order to allow one or more users to 

15 select the best decision options for suppliers, manufacturers, shippers, 
wholesalers, and retailers. In particular, one or more stages may be 
particularly affiliated with one or more users having modify and update access 
for the information associated with those stages. Other users may be granted 
"Read Only" access and are not able to modify stage information stored using 

20 database 250. 

[00421] In one embodiment, a user having read/write access may 
select one or more particular options, corresponding to a particular grouped set 
of stage information, fi-om among one or more options choices, to represent 
stage information associated with the stage. A user may choose to display one 

25 or more, or none, of the stage information associated with a particular stage. 
In one embodiment, for example, a user may select a particular stage 405 
using pointing device 230, right-click on the selected stage 405 to cause 
computer system 200 to display a pull-down menu of options, and select an 
expanded stage display option. Selection of the expanded stage display option 

30 may cause one or more stage information 420 to be displayed proximate to the 
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stage 405 icon within chain modeling space 355. Figure 23 shows three stages 
405 displayed along with an expanded stage display. Stage information may 
include, but is not Umited to, safety stock level, contribution to Cost of Goods 
Sold (COGS), initial inventory investment, service time, purchase cost, 
5 replenishment lead time, net replenishment lead time, pipeline stock cost, 
production unit cost, weighted unit cost, mean demand, standard deviation in 
demand, and coefficient of variation in demand. Figure 23 shows an example 
of expanded stage displays for safety stock level, contribution to Cost of 
Goods Sold (COGS), and initial inventory investment. 

10 

[00422] 6,2.5 Stage Editing and Reporting 
[00423] A system and method according to the present invention 
provides the capability to generate and present to the user a variety of stage 
and chain related reports. An example of one such report is the stage report 

15 500 discussed above. Furthermore, several mechanisms may be provided by 
which a user (with read/write permission) may edit or modify the information 
associated with a particular stage. 

[00424] In one embodiment, a user may select a stage editing 
capability by, for example, double-clicking on a stage 405 of a displayed 

20 decision option chain 400 using pointing device 230. Upon receiving this user 
request, computer system 200 may generate and display one or more stage 
editor pages using display 245. For a requesting user at a client system 280, 
server 270 may generate and transmit a default stage editor options summary 
page 600 to client system 280 using network 260. Altematively, a user can 

25 obtain a stage editor options summary page 600 by selecting the 

corresponding selection tab provided within a primary navigation menu as 
shown in Figure 26. 

[00425] Referring to Figure 26, stage editor options summary page 
600 may present a variety of stage information for a particular selected stage 

30 405. hi one embodiment, options summary page 600 includes stage 
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information for one or more options associated with the stage, the options 
being listed by option name 605. For each option, information may be 
provided such as, but not limited to, total option time 610 representing, for 
example, the number of days required by the option, total option cost 615 
5 which may be a monetary cost, holding cost rate 620 for inventory 

determination, a user-selectable checkbox 625 for including or excluding the 
stage 405 from optimization calculations, and a user-activated selection 
indicator 630 for reporting which one of the one or more options is currently 
selected for this stage. 

10 [00426] Further stage edit pages which a user may select for view 

using pointing device 230 include, but are not limited to, an options detail 
editor for user editing of specific options in more detail and for specifying 
constraints on certain optimization parameters (e.g., specifying upper and 
lower bounds on option service time), an options report, a stage properties 

15 summary, a stage name editor, a production and services editor, an inventory 
and cost editor, a demand editor, and an optimization parameters editor. 
Constraints placed on particular optimization parameters are useful for 
preventing selection of an impractical option during optimization. 

[00427] Figure 27 shows an exemplary embodiment of an options 

20 report 650 in accordance with the present invention. Referring to Figure 27, 
options report 650 may include one or more report selection buttons 655 by 
which a user may select a particular options report. As shown in Figure 27, in 
one embodiment report selection buttons 655 provide the user the capability to 
choose to view the time-based values, inventory levels, cost values, or all 

25 values associated with one or more options for a particular stage 405. 

[00428] Figure 28 shows an exemplary embodiment of a stage 
properties summary 675 in accordance with the present invention. Referring 
to Figure 28, stage properties summary 675 may include a presentation of the 
values and parameters associated with the option currently selected for the 

30 stage 405. In particular, a series of optimization selection buttons 680 may be 
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provided for a user to specify in more detail which, if any, particular 
optimization calculations from which to exclude the stage 405 from 
consideration. For example, in one embodiment as shown in Figure 28, a user 
may specify, using optimization selection buttons 680, that a stage is to be 
5 excluded from all optimization, only cost optimizations, or only time 
optimizations. 

[00429] Further to these reports and editing capabilities, a user may 
also specify particular characteristics of the demand statistics that apply to a 
particular stage. Figure 29 shows an exemplary embodiment of a stage 

10 properties demand page 700 in accordance with the present invention. 

Referring to Figure 29, stage properties demand page 700 may include one or 
more data entry fields in an interactive display page for a user to specify stage 
demand statistics for modeling, including, but not limited to, average demand 
as well as the standard deviation and coefficient of variation of demand that 

15 applies to the stage. In one embodiment, the capability is provided for a user 
to specify a pooling factor for a given stage. The pooling factor may be used 
to represent the statistical independence of two or more demand streams 
operating at a stage that represents a distribution stage. 

[00430] Additional reporting capabilities provided by an embodiment 

20 of the present invention includes one or more metrics tracking reports. In 
particular, computing system 200 configured according to the present 
invention may include metrics trackers for reporting certain time metrics, cost 
metrics, and inventory metrics. Exemplary embodiments of these metrics 
tracking reports are shown in Figures 30, 3 1 , and 32, respectively. Figure 30 

25 shows an exemplary time metrics tracking report 800 associated with a series 
of stages 405 representing a decision option chain 400. 

[00431] As shown in Figure 30, time metrics tracking report 800 may 
include a number of time-oriented metrics associated with a stage such as a 
time horizon specifying a period over which financial metrics are calculated, a 

30 base time unit, an indication of the longest path through the chain representing 
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the sum of the stage times, a total weighted activity time indicating the 
weighted measure of the average stage time, and a total weighted traversal 
time indicating the weighted measure of the average stage time plus the 
average time spent in inventory throughout the chain. 
5 [00432] Figure 31 shows a cost metrics tracking report 810 that may 

include a number of cost metrics associated with a stage such as a total supply 
chain cost which may represent the total inventory cost and product cost 
throughout the chain over the time horizon, a total pipeline stock cost 
throughout the chain over the time horizon, a total safety stock cost throughout 
10 the chain over the time horizon, a total inventory investment cost required to 
fill the chain before product can be released, a weighted unit cost which may 
represent the final product cost weighted across all customer demands, and a 
cost of goods sold value for the cost of final products sold over the time 
horizon. 

15 [00433] Figure 32 shows an inventory metrics tracking report 820 that 

may include a number of inventory metrics associated with a stage such as 
inventory turns, total safety stock days of supply, total pipeline stock days of 
supply, and a total stock days of supply which may represent the number of 
periods of demand worth of inventory stored throughout the supply chain. 

20 Furthermore, in one embodiment the computer system 200 configured 

according to the present invention may calculate the optimum levels of safety 
stock (i.e., "right-sized") for each stage of a supply chain. 

[00434] 6.3 Analysis Tools 

25 [00435] The present invention may fiirther provide one or more 

analysis tools usefiil for optimizing the supply chain in order to minimize the 
total costs of the overall supply chain. In one embodiment, an optimization 
tool is provided which applies the minimization calculations and methods 
described herein to the stage information, and the various options which may 

30 be associated with each stage, for the supply chain. In particular, the 



117 

optimization tool determines those options at each stage which when selected 
operate to minimize the total costs of the supply chain, hi this manner, the 
system and methods according to the present invention provide an end-to-end 
optimization across the complete decision option chain. 
5 [00436] In one embodiment, a user may initiate optimization 

calculations provided by the optimization tool by selecting the corresponding 
interactive user selection tab using pointing device 230. Upon receiving the 
user request for optimization, computer system 200 may execute sequences of 
application software instructions embodying the optimization calculations 

10 described herein. As a result of the optimization calculations, computer 
system 200 may generate and display an updated chain home page 300 
(reference Figure 20) reporting the optimized options selected for each stage. 
The user may be a user of a client system 280, in which case the updated chain 
home page 300 may be transmitted to the client system 280 from a server 270 

15 using a network 260. 

[00437] The present invention also may provide the capability to 
generate and present a side by side chain comparison report. Figure 33 shows 
an exemplary embodhnent of a chain comparison report 900 in accordance 
with the present invention. Referring to Figure 33, chain comparison report 

20 900 may show one or more total costs 905 for all stages for an optimum series 
of options 910 for a supply chain, as compared to the corresponding total costs 
905 for all stages for another series of options 905 for a supply chain. As 
shown in Figure 33, the total costs 905 may be presented in tabular form. 
Altematively, the total costs 905 may be presented in graphical form. 

25 [00438] The present invention may also provide the capability to 

generate and present a sensitivity analysis. Figure 34 shows an exemplary 
embodiment of a sensitivity analysis results page 950 in accordance with the 
present invention. Sensitivity analysis may be usefiil to provide an indication 
of the relevant impact to the overall chain total costs caused by a 

30 corresponding change in the information associated with the option under 
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analysis. Typically, a sensitivity analysis is accomplished by varying the 
option information in discrete steps over a user-specified range and observing 
the calculated total costs for the overall chain over the same period of time. Li 
one embodiment, the user may specify the range (i.e., the initial value and the 
5 final value) of the option information being varied, and may also specify the 
number of iterations to be calculated for the sensitivity analysis. The user may 
input these parameters using a corresponding sensitivity analysis input page 
and pointing device 230. As shown in Figure 34, the sensitivity analysis 
results maybe presented in graphical format 955 or tabular format 960. 
10 [00439] In addition, computer system 200 in accordance with the 

present invention may include additional reports including, but not limited to 
the following: 
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a. 



A Profit/Loss Calculator that compares financial metrics (e.g., a 
simulated balance sheet) of a pre-optimized and a post- 
optimized (or a "before" and "after") version of a supply chain 



model. 
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b. 



c. 



A Cost Breakout that allows a user to view high-level inventory 
cost and COGS, broken out by different groupings/aggregations 
of stages within the supply chain. 
An Inventory Breakout showing unit inventory levels. 



d. 



An Inventory by Cause Report providing a more detailed 
analysis of why inventory is being stored throughout the supply 
chain which may assist a user in determining the cause of 
inventory levels present throughout a supply chain (e.g., due to 
batching, early arrivals, demand uncertainty, or stage-time 
uncertainty). 

An Configurable Chain Report which provides an ad hoc 
reporting tool for filtering, selecting, grouping, and presenting 
stage information in a user specified arrangement. 



25 



e. 
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f. Custom Reports for user specified presentations of stage 

information and additional metrics calculated according to user 
requirements. 

5 [00440] 7.0 Part Selection in Multigeneration Products 

[00441] 7.1 Introduction 



[00442] Another aspect of the present invention is the determination 
of optimal part selection strategies in multigeneration products. The object of 

10 this invention is to provide a decision support tool that a product development 
team can use when they are determining what parts to design into their 
product. The model framework considers the development cost associated 
with redesigning the product, the part manufacturing cost and the level of 
functionality that the part must provide. The part selection problem seeks to 

15 choose the optimal set of parts that minimize the sum of the development and 
manufacturing costs subject to satisfying each period's functionality 
reqviirements. 

[00443] This section will look at determining optimal part selection 
strategies in multigeneration products. The goal is to develop a decision 

20 support tool that a product development team can use when they are 

determining what parts to design into their product. The model framework 
considers the development cost associated with redesigning the product, the 
part manufacturing cost and the level of functionality that the part must 
provide. The part selection problem seeks to choose the optimal set of parts 

25 that minimize the sum of the development and manufacturing costs subject to 
satisfying each period's functionality requirements. 

[00444] First, the modeling framework is introduced, followed by 
different cases that are formulated and solved. Then, a brief numerical 
example is presented. 



30 
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[00445] 7.2 Model Introduction 

[00446] This section presents the basics of the modeUng framework. 
The decision variables and inputs are defined. 

5 

[00447] 7.3 Performance definitions 
[00448] 7.3.1 Part performance level 

[00449] A single attribute, or a collection of attributes, determines the 

10 performance level of each part. A mapping function transforms the part's 

attribute into a performance level value, v^hich may be a unit index value. The 
performance level value can range from negative to positive mfinity. The 
nature of the attribute v^ill dictate whether a part with a higher or lower 
performance level corresponds to a superior part. We assume that each part 

1 5 can be mapped into the performance level. 

[00450] For some attributes, the mapping function is simply the 
multiphcation of the technical attribute by a constant to create a unit-less index 
value. For example, for microprocessors, if the attribute of interest is speed, 
multiplying by 1/mhz creates a valid performance range; i.e., a 100 mhz 

20 processor has a performance of 100. For other attributes, like weight or 

picture quality, more comphcated mapping functions are necessary. It will be 
understood by those skilled in the art that any mapping function is 
contemplated. Additionally, the mapping function may include interpolation 
of the attribute of interest with a predefined, computer memory stored table of 

25 data. 

[00451] For each part i, we let ai denote its attribute of interest. The 
function pj(ai) then converts part i's attribute into its corresponding 
performance level in period j . Note that the performance mapping function, 
PjO, is period dependent. Thus, we can allow the part to decline relatively to 
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other available parts. In addition, if the performance level is a function of 
multiple attributes, then af would be a vector of these attributes. 

[00452] 7,3.2 Performance requirement 

5 

[00453] Each period, there is a performance value that represents the 
desired part performance level value. The performance level value may thus 
be a desired index value for each component in each of said periods. The 
desired index value and the index value of the performance requirement value 

10 are of the same units. Informally, this corresponds to the market's "sweet 

spot." If cost was not a concem and the set of available parts was sufficient to 
cover all possible performance levels, then each period the selected part's 
performance level would equal the period's performance requirement. 
However, since these two conditions are not met each period, it will not 

1 5 always be feasible, let alone optimal, to meet exactly the performance 
requirement each period. 

[00454] The natijre of performance requirement dictates the solution 
procedure employed. Two cases are considering: when the performance 
reqixirement is deterministic and when the performance requirement is an 

20 independent random variable. When the performance requirement is 

deterministic, each period's performance requirement is known with certainty 
at the start of the problem horizon. In this case, the performance requirement 
value may be determined from a predefined function. In the case where the 
performance requirement is a function of a random variable, the probability 

25 distribution for each period's requirement is known at the start of the horizon. 

[00455] 7.4 Timing of Events 

[00456] We consider a firm that is determining its part selection 
30 strategy for the next N periods, where time proceeds from period 1 to period 



I 
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N. At the start of each period, the period's performance requirement is 
reahzed. The firm then chooses the part that will be used to satisfy the current 
period's performance and demand requirements. After the part has been 
selected, the period's costs are incurred. 

5 

[00457] 7.5 Part indexing 

[00458] Let n denote the total nimiber of distinct parts that are 
available in at least one of the N periods. We assume that the parts are 
10 indexed from 1 to n and that a part's index stays constant across periods. That 
is, if part i is available in two different periods, then part i refers to the same 
part. A further impact of this assumption is that the set of parts available each 
period will likely not be numbered contiguously. Since a part's perfomiance 
level can be period dependent, we can not order the parts in an ascending or 
1 5 descending order based on their performance levels. 

[00459] We let Sj denote the set of parts that are available in period j. 

[00460] 7.6 Costs 

20 [00461] There are three relevant costs to consider: development cost, 

manufacturing cost and recycling cost. 

[00462] 7.6.1 Development cost 

25 [00463] A development cost of K is incurred whenever the part used 

in the current period in the product differs from the part used in the previous 
period. Typical activities that must occur when a new part is selected include 
redesigning the interface between the part and the rest of the product, 
prototyping the new part, and certifying the part's supplier. Although the 

30 development cost could be both part and time dependent, we assume that it is 
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a constant in our formulation. This is due to the example that motivated this 
research. 

[00464] 7.6.2 Manufacturing cost 

5 

[00465] Manufacturing cost is composed of the costs required to make 
a part in the current period. Typical costs include the procurement of raw 
materials and the transformation of the raw materials into completed parts. 
The period's unit manufacturing cost will depend on its initial cost net any 
1 0 discounts that can depend either on cximulative production volume or the 

length of time the part has been used. We denote the initial unit cost of part i 

in period j by Cy. 

[00466] This model considers both time and quantity discounts, hi 
practice, both discounts are specified in the part's contract; this contract would 
15 be written in period t after the part is selected. 

[00467] The time discount is a negotiated price break that occurs in 
every period the part is produced. For example, the discount might be 5% of 
the initial part cost for each period that the part is used. The volume discount 
is based on the part's cumulative production volume prior to the start of the 
20 current period. For example, the suppher might give a 1% discoimt for every 
100,000 units purchased in earlier periods. 

[00468] Let eij(t,v) denote the discount rate for part i in period j given 
that ttie part was introduced in period t and the cumulative production up to 
period j equals v. It is defined below: 

25 eij(t,v) = (j-t)ai-h 

where ai is the time-dependent discount, pi is the volume-dependent discount, 
and Vj is the volimie discoxmt step size; these constants are all part specific. 



V 

vi 



pi 



forj >t 



(27) 
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[00469] 7.6.3 Recycling cost 

[00470] There are two ways to satisfy demand in the current period. 
First, as described above in Section 7.6.2, they can produce new parts. 
5 Second, the firm can recycle parts that are returned (the company has an active 
and successful recycling program). The cost to recycle an existing part is 
significantly less than the cost of producing a new part. Recycling an existing 
part requires extricating the part from the housing and testing it to make sure 
that the part is still fimctional. 
1 0 [00471] It is important to note that only the products containing the 

current part are worth recycling. Since the product had to be modified to 
accommodate the current part, older parts are unusable even if they still 

ftinction properly. Let yi denote the cost of remanufacturing part i, 
Remanufacturing is a labor-dominated process and as such does not depend on 
15 the period or the part's original manufacturing cost. 

[00472] 7.7 Production and demand requirements 

[00473] Before the part selection problem can formulated, the demand 
20 and recycling processes must first be characterized. 

[00474] 7.7.1 Demand process characterization 

[00475] Assume that demand each period is deterministic. Demand in 
25 period j is denoted dj. 

[00476] 7.7.2 Recycling process characterization 

[00477] Of interest is characterizing the stream of recycled parts that 
30 are available to use in each period, hi the context of recycling, let x denote the 
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useful life of the product. That is, a product produced in period t can only be 
recycled during the interval [t+l,t-i-t]. is a scalar that represents the fraction 
of parts used in period t - k that are returned in period t. Since we can not 
receive more units than was shipped in a period, it must be true that: 

where the constraint is satisfied with equality only when all the parts produced 
in a period are eventually returned within x periods. 

[004781 Let qj(t) denote the number of recycled parts that are 
available to satisfy demand in period j given that the part was introduced in 
1 0 period t. qj(t) is a fimction of the amount of the current part in circulation, and 
is computed as follows: 

qj(t) = 2(y# j " k] where £ = min (t, t - j) (28) 
k=l ^ 

For example, if t = 3, the current period is 5 and the part was introduced in 
1 5 period 1, Equation (28) would look like: 

q5(l)= yid4 +y2^3 +73^2- 

[00479] 7.7.3 Cumulative production recursion 

20 [00480] The presence of recycling makes the calculation of the 

cumulative production slightly more cumbersome. The cumulative production 
is not simply the sum of the demands from previous periods. Depending on t 
and when the part was introduced, a part produced in a previous period might 
be reused multiple times. 



126 



[00481] We let Vj(t) denote the cumulative production at the start of 

period j given that the part was introduced in period t. Vj(t) is calculated as 
follows: 

vj(t) = dj_i -qj_i(t) + vj_i(t) (29) 

where Vj(t) = 0 if t > j. The cumulative production at the start of period j 

equals the cxmiulative production at the start of period j-1 plus the amount of 
new production in period j-1 . The amount of production in period j-1 is the 
difference between the period's demand and the amount of product retumed in 
period j-L 

[00482] It is assumed that the demand in a period is always greater 
than the amount recycled in the same period. This is a valid assumption if the 
product is seeing steady annual growth. 

[00483] 7.8 Algorithm Formulation 

[00484] As mentioned above, the formulation for the discrete part 
selection problem depends on the nature of the performance requirement. This 
section will treat separately two instances of the performance requirement. In 
the first case, the performance requirement is deterministic. That is, the 
performance requirement for each period is known with certainty at the start of 
period 1. In Section 7.9 (Case 1), this problem is formulated as a shortest path 
problem. In the second case, each period's performance requirement is an 
independent random variable. In this case, the distribution for each period's 
performance requirement is known at the start of period 1, but the period's 
requirement is not realized until the start of the period. In Section 7.10 (Case 
2), this problem is formulated as a backward dynamic program. 

[00485] Before these three algorithms can be constructed, there is first 
the need to describe how the performance requirement and the part 
performance level interact. This is described below. 
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[00486] 7.8.1 Relating the performance requirement and performance 
level 

5 [00487] Depending on the part being analyzed, the performance 

requirement can be enforced using a hard constraint or a target constraint. The 
specifics of the industrial application will dictate which type of constraint will 
be required. As we will see in later sections, the enforcement technique will 
significantly affect the problem's structure and the solution procedure. 
10 Therefore, we will analyze each of these enforcement techniques separately. 

[00488] 7.8.1.1 Hard constraint definition 

[00489] If the enforcement is done using a hard constraint, then the 
15 chosen part's performance level must meet or exceed the period's performance 
requirement. If higher performance values denote superior performance (as in 
the case of processor speed) then this reqmres the part's performance level to 
meet or exceed the performance requirement. If lower levels denote superior 
performance (as in the case of product weight) then this requires the part's 
20 performance level to be no greater than the performance requirement. In 
either context, there is no penalty for exceeding the period's performance 
requirement. For example, if a digital camera's CCD must capture 768 bits in 
the current generation, a CCD capable of 1024 bit resolution is also 
permissible to use. In this case, the camera's software will ignore the higher 
25 resolution and only process images at 768 bits. However, a CCD that can only 
capture 512 bits is unacceptable because there is no way for this part to 
capture the required 768 bits. 

[00490] Thus, the hard constraint acts to further limit the set of 

candidate parts in period j; only the subset of parts fi-om the set Sj that meet or 

30 exceed the performance requirement are candidates when there is a hard 
constraint. 
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[00491] 7.8.1.2 



Target constraint definition 



[00492] If the enforcement is done using a target constraint, a penalty 
is imposed based on the deviation of the performance level from the 
5 requirement. For example, an example presented later in this chapter utilizes 
the target constraint when planning the size of a circuit board. The ideal size 
of the circuit board in the first period is 50 cubic centimeters. Larger and 
smaller sizes are feasible, but they will require a costly redesign of the 
product. A target constraint is also applicable when the performance level is 
10 an aggregation of several different technical attributes. 

[00493] Rather than imposing a constraint in the problem formulation, 
we capture the target constraint by adding a quadratic cost to the objective 

function. A period-dependent scalar, rj, is multipUed by the square of the 

difference between the chosen part's performance level and the realized 
1 5 performance requirement. 



[00495] Let wj denote the performance requirement in period j . Since 
20 the performance requirements are deterministic, their values are known for all 
j G N at the start of period 1 . 



network where the nodes are labeled from 1 to N+1. Each node represents a 
period in the model, with node N+1 representing the termination of the 
horizon. An arc from j to k represents selecting a new part in period j and 
using it through period k-1 . In this formulation, a development activity will 



[00494] 



7.9 Casel: Deterministic performance requirement 



[00496] 7.9.1 Shortest path formulation 



25 



[00497] We formulate the shortest path problem on a N+1 node 
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occur in periods j and k. By construction, there can be no arcs (j,k) such that j 

[00498] Let Cj^ denote the cost on the arc from j to k, namely the cost 

of choosing the part that is feasible for periods j through k-1 and satisfies the 
5 periods' demand requirements at a minimimi cost. If there is no part that is 
feasible for each of the periods j through k-1, then there will be no arc from j 

to k in the network. Cjk is determined below for both the hard constraint and 

target constraint cases. 

10 [00499] 7.9.1.1 Hard constraint case 

[00500] In this section, it is assumed that higher performance levels 
denote superior performance.In the hard constraint case, the cost for the arc 
fromj to k equals: 



15 



Cjk =min 



k-1 

K+ X[l-ei4j.v4jMd^-q4j))+yiq<j^^ 



(30) 



where 1 < j < k < N+1 and i satisfies 

|i : i gVi SAp^(ai) > w^forj < ^ < k| - (31) 

20 Recall that qjO, the number of recycled parts that are available in period j, is 

given by (28) in Section 7.7.2 (Recycling process characteristics), vjQ, the 

cumulative production in period j, is given by (29) in Section 7.7.3 

(Cimiulative production recursion), and ejj(), the discoimt rate for part i in 

period j, is given by (27) in Section 7.6.2 (Manufacturing cost). Equation (30) 
25 represents the minimum cost of choosing a part in period j and using that part 
through period k-1 . There are three components of this cost. First, a 
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development cost of K must be incurred since one development cycle will 
occur during the interval |j,k-l]. Second, the manufacturing cost for new 
parts is incurred. The per unit cost in a period is the initial unit manufacturing 
cost net any discounts accrued since period j. The number of new units 
5 manufactured in a period equals the period's demand net any xmits that are 
recycled in the period. Finally, a remanufacturing cost is applied to all of the 
units that are recycled each period. 

[00501] The minimization in (30) occurs over the set of parts that 
meet two conditions: First, they must be available in periods j to k-1 . 
10 Second, they must meet or exceed each period's performance requirement. 
This set is constructed in (3 1). 

[00502] 7.9.1.2 Target constraint case 

1 5 [00503] As mentioned in Section 7.8. 1 .2, the target constraint is 

captured by adding a quadratic penalty cost to the objective function. The cost 
of the arc from j to k equals: 



20 



C jk = min^ 



k-1 1 
K+ ^ r(l-ei£(j,v^-))>ij(d^ -qi(j))+yiq^(j)+r^(pKai)-w^)2J 



'■=} 



(32) 



k-1 

where 1 < j < k < N+1 and i e RS^ . 

£=} 

[00504] The development, manufacturing, and recycling costs in (32) 
are the same as in (30). The additional term in (32) captures the per period 
penalty cost incurred when the part's performance level deviates from the 
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period's performance requirement. The only requirement for a part to be 
considered is that it must be available from period j through period k-L 
[00505] 

[00506] 7.9.2 Problem complexity 

5 

[00507] When the shortest path is constructed and solved, the 
bottleneck operation is the construction of the network itself Recall that the 
total number of parts available during the problem's horizon is n. There will 
be a maximum of N arcs emanating from each node. Therefore, the 
1 0 complexity of the network construction phase is 0(nN^). 

[00508] 7.10 Case 2: independently distributed performance 
requirements 

1 5 [00509] The performance requirement in period j is a random variable 

denoted by Wj. At the start of period 1, for all j g N, Wj has a known 
probability density ftmction (t)j(w) and distribution function Oj(w). At this 
point, we assume that the Wj are independent for all j g N. Without loss of 
generality, we assimie that period j ' s performance requirement, wj, is realized 

20 at the start of period j . At some point before period j ' s demand occurs, the 

design team knows the requirement for period j . This model assumes that the 
requirement becomes known at the start of the period. 



25 [00510] 7.10.1 Hard constraint case 

[00511] For this section it is assumed that higher performance levels 
denote superior performance. When the performance requirement is a random 
variable, the hard constraint case is formulated as a backward dynamic 
30 program. There are two state variables: the part used in the previous period 
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and the period in which the part was introduced. We need to keep track of the 
part's introductory period in order to determine the amount recycled in the 
current period as well as the current period's discount rate. 

[00512] Let gj(i,t,k) denote the cost in period j if the initial state is (i,t) 

5 and part k is selected. gj(i,t,k) is defined below: 



gj(i.t,k) = 



(l - eij (t, V j (t))):ij (d j - q j (t))+ yiq j (t) if k = i 

„ 1 o.w. 
K+Ckjdj 



The value of gj(i,t,k) depends on whether or not part i is replaced in period j . 
If part i is not replaced (k equals i) then the part used in period j is the same 
part that was used in period j-1, and the recycling stream and discounts from 

1 0 previous periods have to be considered. This corresponds to the first 
expression for gj(i,t,k). If part i is replaced (k does not equal i), then 
production in period j is starting from scratch. There are no discounts to apply 
and no recycled parts available to remanufacture. In this case, the only two 
costs that are incurred are the development cost and the cost to manufacture 

1 5 the entire period' s demand. 

[00513] Let fj(i,t,w) represent the minimum cost from periods j 
through N given that the state at the start of period j is (i,t) and the reahzed 
performance requirement in period j is w. fj(i,t,w) is formulated below: 

20 fj (i, t, w) = mm{g. (i, t,k) + f^,, (kj)} (33) 

where k satisfies k g Sj and pj(ak) > w. 

[00514] The cost-to-go ftmction, fj(i,t), represents the minimum cost 
from periods j through N given that the state at the start of period j is (i,t). The 
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state variable definition allows the cost-to-go function to be separated into the 
cost in period j plus the optimal cost-to-go for periods j+1 through N, hi the 
hard constraint case, the cost-to-go Equation equals: 

5 f.(i,t) = E{f.(i,t,w} (34) 

where 1 <j <N. 

[00515] 7.10.2 Target constraint case 

1 0 [0051 6] As with the deterministic performance requirement presented 

in Section 7.9.1.2 (Target Constraint Case), the stochastic performance 
constraint can be solved as a shortest path problem when the target constraint 
is employed. Recall that in the target constraint case, a part that belongs to Sj 
is not excluded in period j if the part's performance level does not exceed the 

15 performance requirement. A cost is incurred in the objective function, but it is 
still possible to use the part. Therefore, in the target constraint case, each 
period's set of feasible parts is known at the start of the horizon. 

[00517] As in the deterministic formulation, we formulate the shortest 
path problem on a N+1 node network where the nodes are labeled from 1 to 

20 N+1 . Each node represents a period in the model, with node N+1 representing 
the termination of the horizon, hi the stochastic formulation, an arc from j to k 
represents the expected cost of selecting a new part in period j and using it 
through period k-1, where the expectation is taken over the performance 
requirements from period j through k- 1 . 

25 [00518] Let Cj^ denote the expected cost of choosmg the part that is 

feasible for periods j through k-1 and satisfies the periods' demand 
requirements at a minimum cost. If there is no part that is feasible for each of 
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the periods j through k-1, then there will be no arc from j to k in the network. 
Cjk is determined below: 



C-^ = mini vt 
' i [wi...,^Wk-l 



- ei^(j>£(j)))cij-(d^ - q^(j)) 



(35) 



+ yip^G) + r^(p^ri)-w^) 



k-1 

where 1 < j < k < N+1 and i satisfies i g fl . Recall that qjO, the number of 

recycled parts that are available in period j, is given by Equation (28) in 
Section 7.7.2, Vj(), the cumulative production in period is given by Equation 
(29) in Section 7.7.3, and CijO, the discount rate for part i in period j, is given 

1 0 by Equation (27) in Section 7.6.2. Equation (35) represents the minimum 

expected cost of choosing a part in period j and using that part through period 
k-1. There are four components of this cost. First, a development cost of K 
must be incurred since one development cycle will occur during the interval 
|j,k-l]. Second, the manufacturing cost for new parts is incurred. The per 

1 5 unit cost in a period is the base unit manufacturing cost net any discounts 
accrued since period j. The actual number of new units manufactured in a 
period equals the period's demand net any units that are recycled in the period. 
Third, a remanufacturing cost is apphed to all of the imits that are recycled 
each period. Finally, a quadratic penalty cost is apphed to the deviation of the 

20 part' s performance level from each of the performance requirements in periods 
j through k-1 . The per period penalty cost is the square of the difference 
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10 



between the performance level value in a given period for a given component 
and the performance requirement value in the given for the given component, 
multiplied by a period dependent constant, rl. The period dependent constant, 
r/, maybe an input. 

[00519] It is now shown that the stochastic formxJation can be 
converted into the deterministic formulation. Certainly equivalence holds 
when the optimal solution from a stochastic formulation remains the same 
after the random variables are replaced with their expected values. Their costs 
will differ by a constant, but the optimal solution is the same. 

[00520] That certainty equivalence holds in this case can be seen by 
performing some basic algebraic manipulations of Equation (35). We first 
separate the quadratic penalty cost as shown below: 



15 



C, =min-^ 
jk i 



k-1 



K+ X[l-ei^C)'V^(i)))cij(d^-q^(i)) + yil^(i) 1 

1=] 



(36) 



+ Wj,...,^Wk-l 



XK(p^(ai)-w^)^ ] 



20 Since the expectation of the sum equals the sum of the expectations, we can 
further rewrite Equation (36) as: 



C = min-^ 
Jk i 



k-1 

K+ X[(i-ei^Cj,v^O)))cij(d^-q^O)) + yiq^O) ] 



136 



(37) 



k-lr 

+ 2 [r^(p^(ai)2 -2p^(ai)E[w^] )] 



. + ^^[r^E[wj2 ]] 



where the last terni has been removed jfrom the minimization because it does 
not depend on i. Finally, if we complete the square, we can rewrite (36) as: 



C, =min-^ 
jk i 



k-1 



K+ ^[a-ei£(jM(j)))cim-qm + m£(3) ] 



k-lp , n 

+ 2 r^(p^(ai)-E[w^])^ 



k-1 



xi\ E 



s[wj2]-E[wjf 



(38) 



The minimization considers four costs: the development cost, manufacturing 
10 cost, remanufacturing cost, and quadratic penalty cost. However, the 

quadratic penalty cost depends only on the expected values of the performance 
requirements. The final terms (on the third line of Equation (38)) are outside 
the minimization since they do not depend on i. On the path from j to k, this is 
the constant by which the deterministic and stochastic formulations differ. 
15 [00521] When the deterministic formulation is populated with the 

means of the periods' performance requirements, the constant by which the 
stochastic and deterministic formulations will differ equals: 



2rr/E[wj2]-E[wjf 



(39) 



The constant by which the two formulations differ equals the summation of 
20 each period's penalty cost times the variance of the period's performance 
requirement. As the variance increases, so too does the constant. 
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[00522] Recasting the stochastic formulation as a deterministic 
shortest path problem significantly reduces the problem's computational time. 
Certainty equivalence will always hold when the problem consists of a 
quadratic penalty function and linear constraints. For a different construction 
5 of the certainty equivalence result, the interested reader is referred to 
Bertsekas (1995). 

[00523] The above method for determining the optimal set of 
components to be used in a product over a series of periods is generally 
summarized using a flowchart shown in Fig. 37. hi an embodiment, the 

1 0 method of the present invention as shown in Fig.37 may be implemented using 
a computer system such as, for example, computer system 200 as set forth 
herein and configured to perform the processing steps as specified in Fig. 37. 

[00524] Generally, referring to Fig. 37, the method comprises 
receiving, at B50, information corresponding to each of a plurality of 

1 5 components used in a product. The information includes first data and second 
data, wherein the first data is the quantifiable attribute of interest and the 
second data is an availability of each component in each of a plurality of time 
periods. The method includes determining (at B54), based upon the 
information received at B50, corresponding functionality requirements that 

20 each component must provide over each of a series of the periods that the 
corresponding component is incorporated into the product. Generally, the 
method determines the optimal set of components to be used in said product 
over a series of said periods that minimizes a cost functional subject to 
satisfying at least one of said second data and said functionality requirements 

25 over said series of said periods, wherein said cost functional includes the sum 
of at least one of a development costs and a manufacturing costs of said 
product over said series of said periods. The solution method differs 
depending on whether the problem is a Hard Constraint Case or a Target 
Constraint Case. 
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[00525] If the problem is a Hard Constraint Case (determined at B66), 
Equation (30) (i.e., the cost functional) is evaluated and minimized, beginning 
at B70. If the problem is a Target Constraint Case, Equation (32) (i.e., the cost 
functional) is evaluated and minimized, beginning at B82. hi the Hard 
Constraint Case (at B70), the method includes proceeding in sequential order 
from the last period N of said series of periods to the first period 1 of said 
series of periods. At each period, the method includes determining, at B74, 
the cost functional value at each period to define given period costs. The 
method includes determining, at B78, the cost functional at each period from 
the given period to the last period for each of the components to define 
feasible period costs. The method includes minimizing, at B88, the sum of the 
given period costs and the feasible period costs over the series of periods 
subject to satisfying the second data and the functionality requirements over 
the series of the periods. 

[00526] In the Target Constraint Case (at B70), the method includes 
proceeding in sequential order from the last period N of said series of periods 
to the first period 1 of said series of periods. As discussed above, the cost 
functional of Equation (32) include includes the per period penalty cost. 
Generally, the method includes determining, at B82, the cost functional for 
each of the components at each period to define second feasible period costs. 
The method includes minimizing, at B92, the second feasible period costs over 
the series of periods subject to satisfying the second data over the series of the 
periods, 

[00527] The above method for determining the optimal set of 
components may be implemented on a computer or computer system, which is 
described in Section 6.0. In an embodiment, the method of the present 
invention for determining the optimal set of components as shown in Fig. 37 
may be implemented using computer system 200 as set forth herein and 
configured to perform the processing steps as specified in Fig. 37. 
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[00528] 7.11 Example 

[00529] This section presents an exploratory application of the part 
5 selection problem. Section 7.11.1 describes the company' s current part 

selection process. Section 7.1 1 .2 presents an initial investigation to see if the 
model is applicable to their problem, 

[00530] 7.11.1 Current Process 

10 

[00531] A hypothetical firm's product competes in a high volume 
consumer-focused business. For the purposes of this section, we will assume 
that the firm sells a handheld personal digital assistant (PDA). Size, as 
measured by the product's volxmie, is the primary differentiating characteristic 

15 in the market. As a general rule, the smaller the product, the more desirable 
consumers fmd the product. The product category has existed for several 
years now and the company has been quite good at estimating the size 
requirements for future versions of the product. 

[00532] Figure 38 contauis a version of the recent history for the 

20 product category's volimie requirements over time. 

[00533] The market place is populated with three firms, although it is 
dominated by two firms: Competitor 1 and the sponsor company. The 
customer marketplace has been segmented according to size and cost 
preferences. Competitor 1 has estabUshed itself as the leader in PDA 

25 miniaturization, allowing it to charge a market premium and to attract lead 
users who value this feature. The sponsor company has kept pace with 
Competitor 1 but its product is consistently larger. Its product costs shghtly 
less, thereby targeting a more price sensitive customer segment. 

[00534] Currently, product introductions occur once a year m the Fall. 

30 The product introduction coincides with the industry' s large trade show. 
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[00535] A PDA is composed of several standard off-the-shelf 
components like the LCD display and the serial connector. The company's 
operating procedure has been to assume that each component takes up a 
certain percentage of the product's total volume. Smaller and larger volume 
5 options are available, but the smaller volume option will significantly increase 
the per unit cost of the component. The bulk of the cost for the product is the 
circuit board. Although this part's functionality does not change significantly 
fi-om year to year, its size does. 

[00536] As a general rule, the circuit board consimies twenty five 

1 0 percent of the product' s volume. If a higher volume circuit board is chosen, 
then less space is available for other parts, so more expensive components will 
have to be used for the other parts. If a lower volume circuit board is chosen, 
then the plastic housing can be designed to fill the space that is not consumed 
by the circuit board. However, a smaller circuit board requires smaller parts 

1 5 which can significantly increase the board's price. 

[00537] Each generation, the cost of a new circuit board with a 
voliune of 25% of the product's volume is typically right aroimd fifty cents. 
Two factors contribute to this general rule. First, the entire industry has a 
good sense of what the product size requirements will look like over time. 

20 Second, the industries that provide components are also miniaturizing their 
offerings at a well-defined rate. The combination of these two factors means 
that the price for a standard set of components is nearly constant from 
generation to generation, although the size of the components has decreased 
each generation. 

25 [00538] If a fmn wanted to use a smaller circuit board, that would be 

possible but the per unit cost can run upwards of one dollar and fifty cents. In 
this firm, one often hears the comment "pennies matter." And this advice is 
quite appropriate. Since product volumes are 400,000 units a year and 
growing at 15% a year, the cost of choosing a circuit board that is smaller than 

30 necessary can easily exceed one himdred thousand dollars in the first year. 
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[00539] An important part of the company's strategic vision is the 
ability to let customers retum a previous generation's product in exchange for 
a discount towards the purchase price of a new product. This corporate 
strategy was put in place in order to decrease the likelihood that an existing 
5 customer will switch to a rival's product. If the returned product's circuit 
board is the same board that is being used, then it can be put into the current 
generation's PDA. If the circuit board is a different board, then the entire 
product is scrapped. The circuit board is the only part worth recycling. All of 
the other components have either been scratched or are incompatible with the 

10 current product's design. While it is true that the plastic parts from each 
returned product are pulverized into plastic pellets, this cost is such a small 
part of the product's cost that it can safely be ignored. 

[00540] The company's design strategy has been to redesign the 
product from scratch each generation (each year). This means that all 

15 components, including the circuit board, are redesigned each year. There are 
several reasons the company has done this. First, the company is struggling to 
revise the product each generation. There are few resource available to devote 
to solving problems that do not concem the next product launch. Second, the 
entire customer segment is growing rapidly. Therefore, the company's 

20 emphasis has been on delivering products that the customer wants to purchase 
in the current year. This product has not yet seen the kind of cost 
consciousness that is more prevalent in mature market segments. Third, up to 
this point, the company has had no way to characterize the benefits of doing 
anything other than myopically optimizing each generation's design. 

25 [00541] To summarize, the company's current circuit board selection 

process consists of choosing the part that minimizes the circuit board cost in 
the current generation. This involves minimizing the per unit cost plus any 
cost that must be incurred based on the board's deviation from the "ideal" size 
that period. Whether a smaller or larger part is chosen will depend on the 

30 relative importance of these two costs. 
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[00542] 7.12 Handheld Product Example 

[00543] To explore the utility of this approach, this section will 
5 examine the part selection process for the years 1999 to 2002. The circuit 
board's yearly performance requirement is displayed below in Table 15. 

Table 15: Circuit Board Performance Requirement 

Performance 



Requirement (cm^3) 



1999 


52.5 


2000 


45.0 


2001 


37.5 


2002 


30.0 



10 

[00544] The performance requirement is estimated to equal twenty- 
five percent of the product's performance requirement; recall that the 
company's estimate of the performance requirements were displayed in Fig. 
38. We assume that the performance requirements are deterministic. 

15 [00545] We assume that there are 8 different circuit boards available. 

For simplicity, all eight boards are available in every period. The boards have 
performance levels ranging from 54 to 26 cubic centimeters. Although the 
performance level of each board does not vary by period, its initial part cost 
does vary. We assume that the board's per unit cost in a period is derived 

20 from the Equation: 

min{ $.50 + (w - p) x $.03 , $.33 } 

where w is the period's performance requirement and p is the part's 
performance level. 

25 [00546] Although these numbers are entirely fictitious, the formula 

captures the proper behavior of a part's xmit cost. If the part performance level 
equals the requirement, then the part costs fifty cents. If the part's 



4 C 
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performance level is larger than the requirement, then the part costs less than 
fifty cents. This corresponds to the case where the part is an older part. 
However, no part can cost less than 33 cents. Finally, if the part's 
performance level exceeds (is less than) the performance requirement, then the 
5 part is more expensive. The higher expense could either reflect the scarcity of 
the part or the increased cost due to the smaller components used. The 
performance level and initial part cost per period for each part are shown in 
Table 16. 



10 



15 



20 



Table 16 : Part Performance Levels and Initial Costs 

Initial Cost by Year 



Part 


Performance Level 


1999 


2000 


2001 


2002 


1 


54 




0.46 


0.23 


0.33 


0.33 


2 


50 




0.58 


0.35 


0.33 


0.33 


3 


46 




0.70 


0.47 


0.33 


0.33 


4 


42 




0.82 


0.59 


0.37 


0.33 


5 


38 




0.94 


0.71 


0.49 


0.33 


6 


34 




1.06 


0.83 


0.61 


0-38 


7 


30 




1.18 


0.95 


0.73 


0.50 


8 


26 




1.30 


1.07 


0.85 


0.62 



[00547] The development cost is initially assumed to equal $250,000 
whenever the circuit board's design is modified. The entire product will be 
revised each period but the circuit board will only be revised when necessary. 
For this reason, the rest of the product's development costs are viewed as fixed 
and the analysis in this section focuses on the development of the circuit 
board. 

[00548] In order to capture the effect of the recycling process, each 
year is separated into two six-month periods. Therefore, there are eight 
periods in the model. The recycHng rate in the period after the part's 
introduction is assumed to be 50%. In all subsequent periods, the recychng 
rate is zero; using the notation in Section 7.7,2, t = 1. 
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[00549] To achieve the stated annual growth rate of 15%, the 
semiannual growth rate is set at 7.24%. As a starting point, we also assume 
that the demand in the first half of 1999 equals 200,000 units, 

[00550] There is no time discount but there is a 1 % quantity discount 
5 for every 100,000 circuit boards that are produced. 

[00551] The scalar associated with the quadratic penalty cost was set 
to equal 1000. Recall that this scalar will be multiplied by the squared 
difference between the part's performance level and the period's performance 
requirement. Another way to view this scalar is that, each period, it acts to 
10 hmit the set of parts to some set of parts centered at the ideal part performance 
level. Setting this scalar higher will act to reduce the set of parts that are 
realistic to consider each period. 

[00552] The results in the Table 17 below summarize the optimal 
solution and the company's heuristic of redesigning the circuit board each 
15 period: 

Table 17 



Company Heuristic 

Part Used Period Introduced Last Period Used Total Cost 



1 


1999 


1999 


416,545 


3 


2000 


2000 


443,737 


4 


2001 


2001 


467,646 


6 


2002 


2002 


492,179 






Total ($k) 


1,820 


)tlmal Upgrade Strategy 

Part Used Period Introduced 


Last Period Used 


Total Cost 


2 


1999 


2000 


697,595 


5 


2001 


2002 


819,782 






Total ($k) 


1,517 



20 

The company's heuristic is approximately $303,000, or 20%, more expensive 
than the optimal upgrade strategy. Recall that the arc from i to j denotes a part 
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revision in both years i and j . We define a part selection strategy as a 
sequence of parts that cover every period in the model. That is, each period is 
served by exactly one part. To better understand the results in Table 17, we 
can separate the total cost for a part selection strategy into three costs: 
development cost, production cost and conformance cost. Development cost 
is the sum of the development costs incurred over the problem's horizon. The 
production cost is the total manufacturing and remanufacturing costs over the 
production horizon. The conformance cost is the total penalty costs incurred 
over the horizon. A summary of these costs is displayed in Table 18 below: 



10 



[00553] 

Company Heuristic 



Table 18: Detailed Cost Analysis 



1 


1999 


1999 


250000 


162045 


4500 


3 


2000 


2000 


250000 


191737 


2000 


4 


2001 


2001 


250000 


177146 


40500 


6 


2002 


2002 


250000 


210179 


32000 



Optimal Upgrade Strategy 



2 


1999 


2000 


250000 


385095 


62500 \ 


5 


2001 


2002 


250000 


441282 


128500 1 



Totals ($k) 



500 



The company's heuristic does a good job of minimizing production and 
1 5 conformance costs, but it must incur a large development cost to achieve this. 
The optimal upgrade strategy incurs higher production and conformance costs 
but offsets these costs by skipping two product development cycles. The 
optimal strategy uses each circuit board for two product generations. To 
accomphsh this, the optimal strategy overdesigns the product in the first year, 
20 incurring extra manufacturing cost. In contrast, the company's heuristic 

"underdesigns" the part each generation. Since the company is redesigning 
the part each generation, it is clear that they will either choose between the 
two parts that are closest to the performance requirement. Given the 
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parameters presented in this example, the optimal decision is to choose the 
larger volume part. This is due to the decreased manufacturing costs 
associated with older parts. 

5 [00554] 7.12.1 Sensitivity analysis 

[00555] It is now desired to better understand the impact that the 
development cost has on the optimal number of product revisions over the 
problem horizon. In order to do this, we want to express the cost of each 
1 0 upgrade strategy as a function of the develop cost. Let fi(d) denote the 

minimimi total cost when the development cost is d and the product is revised 
exactly i times over the product horizon. 

[00556] We want to determine fi(d) for i = 1, 2, 3, and 4, To calculate 

fi(d), we find the upgrade strategy that minimizes production and conformance 
1 5 costs subject to their being exactly i product revisions. Since the number of 
upgrades is fixed for each calculation, the development cost is not included in 
this calculation. The following table, Table 19, summarizes the optimal 
upgrade strategy when the number of upgrades is held fixed. 



20 



Table 19: Summary of Optimal Upgrade Strategies 



147 



Four Part Development Strategy 



Part Used Period Introduced Last Period Used Production Conformance 



1 


1999 


1999 


162045 


4500 


3 


2000 


2000 


191737 


2000 


4 


2001 


2001 


177146 


40500 


6 


2002 


2002 


210179 


32000 



Totals ($k) 741 79 



Three Part Development Strategy 
Part Used Period Introduced 



Last Period Used Production Conformance 



2 


1999 


2000 


385095 


62500 


4 


2001 


2001 


177146 


40500 


6 


2002 


2002 


210179 


32000 






Totals ($k) 


772 


135 


fo Part Development Strategy 
Part Used Period Introduced 


Last Period Used 


Production 


Conformance 


2 


1999 


2000 


385095 


62500 


5 


2001 


2002 


441282 


128500 



Totals ($k) 



826 



191 



One Part Development Strategy 
Part Used Period Introduced 



Last Period Used Production Conformance 



1102319 I 567000 | 



1999 



2002 



Totals ($k) 



1102 



567 



The information in Table 19 is sufficient to calculate fi(d). This is done in the 
Table 20, below. 



Table 20: fi(d) calculation 



fi(cl) 



1 


820 + 4d 


2 


907 + Sd 


3 


1017 + 2d 


4 


1669 + d 



10 

Using the information in Table 20, we can now calculate the ranges for d 
where each upgrade strategy is optimal. Letting F(d) denote the optimal cost 
policy as a function of the development cost, F(D) is calculated below: 
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F(d): 



820 + 4d for d<87 

907 + 3d for 87<d<110 

1017 + 2d for 110<d<652 

1669 + d for d<652 



[00557] This section has calculated the efficient frontier for the 
optimal number of product revisions as a function of the development cost. A 
graphical representation of this efficient fi*ontier is shown in Fig. 39. 



[00558] 7.14 General insights 

[00559] At this point, several general insights can be drawn fi-om an 
examination of the problem's structure. These results are summarized in 
1 0 Table 2 1 and described below in more detail. 

Table 21: General Behavior of Optimal Solution 



Variable 


Action 


Effect on Number of Revisions 


Development Cost 


Increase 


Decrease 


Demand 


Increase 


Increase 


Penalty Cost 


Increase 


Increase 


Recycling Rate 


Increase 


Decrease 



As the development cost increases, the optimal number of revisions decreases. 

15 This is due to the fact that if the development cost increases, then it is more 
attractive to find paths that increase the penalty and conformance cost while 
lowering the development cost. As demand increases, the number of revisions 
also increases. The primary cost involved here is the production cost. As 
demand increases, the production cost increases. An increase in the penalty 

20 cost increases the number of part revisions. Increasing the penalty cost 

increases the total penalty cost, making it more optimal to find parts that might 
require a higher manufacturing cost but are more closely ahgned with each 
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period's requirement. Finally, increasing the recycling rate decreases the 
number of revisions. Increasing the recycling rate decreases the production 
cost when parts are used longer. 

[00560] An informal way to look at these results is to note that 
5 different variables affect the self-sufficiency of each generation. Conditions 
that promote self-sufficiency in each generation make it cost effective to 
redesign the circuit board more often. 

[005611 While the invention has been described in connection with 
what is presently considered to be the most practical and preferred 
1 0 embodiments, it is to be understood that the invention is not to be limited to 
the disclosed embodiments and elements, but, to the contrary, is intended to 
cover various modifications, combinations of features, equivalent 
arrangements, and equivalent elements included within the spirit and scope of 
the appended claims. 



